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ABSTRACT 


The crystal and molecular structures of 
Re, (CO) -H, [Si (C,H_)5], and Re, (CO) 7H, [Si (C5H.) 51], 
have been determined. The central Re,Si, clusters 
are Similar in both molecules and form a rhombus with 
a Re-Re bond across the shorter diagonal. The Re-Si 
bond lengths in both compounds are all similar, and 
are therefore consistent with the hydrogen ligands 
being terminally bound to the rhenium atoms rather 
than bridging the rhenium-silicon bonds. The mode 
of bonding of the hydride ligands is discussed in 
relation to other similar systems. 

The crystal and molecular structures of three 
tris (benzene-1,2-dithiolato) complexes, 
(Mo (S5C 


644) 3+ [As (CeH.) ,] [Nb (S.C .H,) 3] and 


[(CH3) ,N], [Zr (SC. H,) 3]) have been determined in an 
attempt to explain the stability of the trigonal prism 
with respect to the octahedron. In the molybdenum 

and niobium complexes the metals are Surrounded by 

eix sulfur atoms, in trigonal prismatic coordination. 
The zirconium complex, however, has a coordination 
which is best described as a distorted octahedron. 

The increase in S-C distances, observed through this 


series, indicates an increasing tendency of the ligands 


towards the reduced een Wy formulation. “This ten- 
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dency is discussed in relation to a molecular orbital 
scheme for trigonal prismatic dithiolenes (by Gray 
et. al.) and is correlated to the destabilization of 
the prism which is observed progressing through this 
series. 

] 


A disorder in Re, (CO) g [Si (C,H ) involving a 


Sizes 
small translation of the complete molecule along 
the crystallographic b axis, was investigated in 


order to ascertain the effect on molecular geometry 


and thermal parameters. 
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PREFACE 


This thesis presents the results of two 
independent problems. The first section deals with 
a Structural study Obsawpartacularesclass of 
transition metal hydrides. The second section is 
concerned with the structures of transition metal 
complexes of ligands coordinated through sulfur 
atoms. The same technique, namely single crystal 
X-ray diffraction, was used for both problems. The 
theoretical and experimental details of X-ray 
diffraction are described in several standard 


reference textes nero 
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CHAPTER I: TRANSITION METAL HYDRIDE 


INTRODUCTION 


The discovery of the first transition metal 


hydride complexes, >’°© FeH, (CO) and CoH (CO) in 


4 4’ 
the 1930's marked the beginning of approximately 
twenty years of controversy concerning the struc- 
tures of hydride complexes and the mode of bonding 
of the hydrogen atoms in these complexes. 

ies rirst electron diiiraction study! on gaseous 
CoH (CO) , and FeH, (CO) , Led to the conclusion that 
the metals were surrounded tetrahedrally by the 
carbonyl groups. The hydrogen atoms were assumed 
to be bound to the oxygen atoms of the carbonyl 
groups. Hieber later suggested® that the hydrogens 
were actually bonded to the metals, but were buried 
in the electron density of the metal and thus had 
no stereochemical influence. 


The infrared spectrum of CoH(CO), was initially 


4 
PterpreTed: as being consistent with the hydrogen 
atom being primarily bonded to the carbon Dp. orbitals 
at approximately 2.0 A LEO cise CoOveaLt acoms in 

this model the hydrogen was believed to be bridging 


three carbonyl groups. However the findings of 


Cotton and eR eone based on nuclear magnetic 
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resonance and acid dissociation constants for CoH (CO) , 
and FeH, (CO) gy agreed with Hieber suggesting that 
the hydrogens were close to and primarily bonded 
to theymetal satoms..9 Subsequent .L.C.A.0. Paneer ene” 
on CoH (CO) , yielded the greatest total overlap 
integral -of «cCo-H and..C-H ifor ea .Co-H distance sof 
Pe2 A. This distance was again consistent with the 
hydrogen being buried in the Co orbitals, since a 
covalent distance of 1.593 A had been obtainea!? 
in, Col. 

Since HMn (CO) , had physical properties! 
Simi tarelo Fe (CO), its infrared spectrum was inter- 


preted assuming it, like Fe(CO) had trigonal bi- 


ot 
pyramidal coordination?*:!° with the hydrogen buried 
in the manganese orbitals and exerting no stereo- 
chemical influence. In addition the identification?® 
GofLethe Co-Hustretching frequency at. 1934 nie added 
further proof that the hydrogen was bound to the 
metal. AThe,large~shifts.to high tield of.the 
proton resonance that were observed in transition 
metal hydrides were.also initially interpreted as 
evidence for "buried" hydrogens. However subsequent 


17,18 showed that these shifts were due to 


studies 
more subtle electronic effects and could be explained 


assuming normal metal-hydrogen covalent distances. 
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In addition it was shown that the neglect of 


2net in short M-H 


quadrupole effects which resulted 
distances, was not justified. 

Thus until 1959 the experimental evidence was 
interpreted as indicating that the hydrogen atom 
exerted no stereochemical influence and was buried 
en Chev eransicron metaleorortcais, 

Discovery of the true coordination in the metal 
hydride complexes had to await the availability of 
good quality X-ray and neutron diffraction data 
and also the discovery of stable crystals of these 


hydrides [CoH(CO), and FeH, (CO) , were unstable gases]. 


4 
In X-ray diffraction studies, since the X-rays are 
scattered by electrons, hydrogen atoms contribute 
little to the total scattering. Therefore location 
of the hydrogen atom requires extremely high quality 
data, and the difficulty of direct observation of 
hydrogen atoms increases with increasing atomic 
number of the atoms present. However, even when the 
hydrogen atom is not located, its approximate 
position can be deduced from the coordination of 

the other ligands. In neutron diffraction the 
scattering of thermal neutrons is by the nucleus 


3 


and watias?* approximately as A (where A is the 


atomic mass number). Thus the scattering amplitudes 
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of all atoms are of the same order of magnitude, 
allowing the hydrogen atoms to be located with a 


precision comparable to that of heavier atoms. 


2a, 24 


The X-ray structural determinations Os 


PtHBr [P(CH-) 3], He) 31, and 
ieee of o-HMn (CO) . failed to locate the hydrogen 


and OsHBr (CO) [P (C, 


atoms but showed the empty coordination sites where 


the hydrogens were probably located. In the X-ray 


crystallographic stuay*° Of RhH (CO) [P (C-H.) 3] 3, 


however, the hydrogen atom was located, at 1.72(15) A 
from the rhodium atom, a distance consistent with the 
sum of the rhodium and hydrogen covalent ee 
(The reliability of this hydrogen identification has 
recently been challenged. 7° However the original 
paper~° clearly outlined the conditions that would 
favour the direct observation of hydrogen atoms 

in heavy atom structures and provided the impetus 
for crystallographers to attempt hydrogen atom 
location.) 

EAL Ne) 


on K5ReHg 


and also 8-HMn (CO), proved unequivocally that the 


Neutron diffraction experiments 


hydrogens acted as typical ligands and were not 
buried in the metal orbitals. The Re-H distances 

° ° 
average i.60(1) Apand the Mn-H cistance 15 2.60116) A 


in these compounds. 
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It was a fortunate sequence of events that 
the molecular Seructares- of RhH[P (C-H-) 2], was not 
determined prior to those mentioned above. Other- 
wise the hypothesis that the hydrogen was buried in 
the metal orbitals might have had a longer lifetime. 
In this compound the phosphorus atoms form, within 
experimental error, a regular tetrahedron about the 
Rh atom. Although it seems that the hydrogen is 


exerting no stereochemical influence, its influence 


is just minimized by the bulky P(CeH-) 3 groups. 


Comparing for example the volume?**23"34 of a 
aa kay 
P(C,H.) 3 group "ab -"370"A 4toevtthat’ Gr CO* (~"45°A") 
° 
and H (~ 7 A>) a it becomes obvious that this dis- 


tortion is reasonable. 
Of the many subsequent transition metal hydride 


Sade? some of the most 


complexes to be studied 
interesting involved bridging hydrogens, where the 
hydrogen ligands were simultaneously bonded to two 
atoms. Two main categories of bridging hydrogens 
exist, the most common being between two transition 
metals, and the second involving bridging between a 
transition metal and a non-transition metal. In 
the former category two types have been observed, 
involving either a bent or a linear M-H-M bond. 


39,40 


A linear M-H-M bond was deduced in the 


sthis'y eels Rae peed 


enti Jutide moxtbedioxied iiURey a teen 


ai mapowbyil td Jeri ahewe 9 Agwodteth smote da 
soneuitit wi ,ablige tint reolpiiseatats un ehieneee 
L2quoe) , tilye) sol tual ad qa pe tmnaaie HANG a 
ee it wi 

Ch ER ap sy ep te carte oF Epuore, - ds) que 
-ath sidd se euotvao ecméoed 24 on ar “Ye Bae: 
Stdandeeen et neitied 
abZatyt Unde shiMtansts sreuteadse yam ody 20 | 
tae sit to snide ">" 1" parnyae act Gn eee lgmon 
add oteiw (eteeervhyd oniphtid bethovnd pridperodeté 
cw! of Belited \levosrad Sutite 420 2Banpht mepedbed 
saspersdyad pripbiad to veizogeden ake wv semnde 
nobsiuiss? owl tomted pated nommoo seuh oft tele 
s Keowret paichiat pmiviovinl: Btosse: pit lene eletom 
At totem notdiniett non soiin Lenin 9ORaamets 
hood Mitt toms 0 0 ont B vetterte writer 
ers fi deagbel daw i ad ieca tal 


structure of Gre Heo )e ie Although the hydrogen atom 
position was not located, stereochemical and bonding 
arguments suggest that it is collinear with the two 
chromium atoms and equidistant from each. fhiais 

to be noted, however, that the X-ray data cannot 
differentiate between two possibilities: either the 
hydrogen is bonded symmetrically to both chromium 
atoms (Single-minimum potential well), or it is 
preferentially bonded to one chromium atom (double- 
minimum potential well) and is "tunnelling" between 
the two sites.] The observed Cr---Cr distance of 

a2 410Cly) A is considerably longer than the Cr-Cr 


Poe, 


bond length Obt2).97 GC) aAVein, Cr (CO) $5 and yields 


2 
anCro-Hrdis Fance:or, 1.770 A which is in good agreement 
with the other known metal-hydrogen distances. The 
hydrogen ligand then occupies the sixth coordination 
site of each Cr (CO), fragment giving the anion Dan 
symmetry. The insertion of the hydrogen ligand 
causing the two Cr (CO). moieties to be further apart 
also results in the carbonyl groups being eclipsed, 
compared with the staggered carbonyls in SEBO). 
More recently a linear Re-H-Cr bond has also been 
inrerre dae on (OC) ,ReHCr (CO) .- Although the hydrogen 


was not located it was considered to be collinear 


with the Re and Cr atoms, since again the two metal- 
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pentacarbonyl groups are eclipsed and since the least 
squares planes containing the equatorial CO groups 
are within 2.5° of being parallel. The Re-Cr distance 
16°93. 435 C)) A, which is again consistent with hydrogen 
insertion between the two metals. 

Bent M-H-M bonds have been deduced in several 


2- - 
complexes. In Re,H(CO)), and Re 3H, (CO), 5 the tri- 


42,43 


angular species contain an isosceles triangle 


°o 
of rhenium atoms with Re-Re distances of ~ 3.04 A 
° 
and 3.17 A, with the longer distances presumably 


being bridged by the hydrogen ligands. These bent 


44 


hydrogen bridges were confirmed recently in the 


analogous H Mn (CO), 5 complex, in which the hydrogen 


= 


atoms were located. The manganese atoms form an 
equilateral triangle with the hydrogen ligands 
symmetrically bridging the triangle edges. The 


re) 
average Mn-Mn distance is 3.111 A compared with 


° 
273 ArT Mn, (CO), 5°” and thus again shows the 


lengthening of the bridged metal-metal bond, a feature 


which has been used as evidence for hydrogen bridging 


42,43 


in the rhenium clusters. The average Mn-H 


(eo) 
aistance ts Ts72 AY 


46,47 8 


In Re MnH (CO), 4 and ReH(CO), 4” the 


2 


hydrogen ligands are located between the rhenium 


atoms in a position which is almost collinear with 
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these atoms. However the estimated Re-H-Re angles, 
calculated assuming octahedral coordinations, are 

° 7 fe} 4 
6 4Sspa.n Re,MnH (CO), 4 ence 92am ae 


The Senate. 4 of Mo aH (CO) , (1- Ce 5)9 [P (CH ] 


Z 19 
consists of two (™—C,H.) Mo (CO) 5 fragments joined at 
the Mo atoms by a symmetrically bridged P(CH3) 5 
group and presumably by a hydrogen atom. The 


etriceives- of Mn 5H (CO) , [P (CH ] closely resembles 


5)2 


tia sor MoH (CO), i Ce H 5) 9 [P (GH ] with two carbonyl 


3)2 
groups on each metal replacing a (1- Ce 5) Group. 
However, in the manganese compound the hydrogen 
atom was located,in the position equivalent to that 
postulated in the molybdenum complex, with a Mn-H 
distance of 1.86(6) A and a Mn-H-Mn angle of 104(5)°. 
Hydrogen bridging three metal atoms has been 
postulated in Rul, (CO), 97 and Rh ,H (1- G BH ier ae 
The ruthenium structure consists of an octahedron 
of Ru atoms each bound to three terminal carbonyl 
groups. The hydrogen ligands appear to occupy two 
opposite faces of the octahedron. In Rh 3H (1- CoHe) y 
the equilateral triangle of Rh atoms has one cyclo- 
pentadienyl ring bonded to each Rh with the fourth 
ring parallel to the rhodium triangle. The hydrogen 


ligand is then postulated as being equidistant from 


each Rh on the opposite side of the triangle from 
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the fourth C,H, group. 


Hydrogen bridging between a transition metal and 


a non-transition metal has been observed in boron 
complexes with the hydrogen bridging the boron and 


the transition metal. Three basic types exist: 
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Structures of type I were observed in Mn 3H (BH3) 5 


eTUbejc lero ME ODER ap op crate erate BUDA (clon ean ar iat 
In the manganese compound all hydrogen atoms of the 
BH, group are coordinated to a Mn atom and in 
addition a bent Mn-H-Mn bond exists between the two 


Mn (CO) 3 moeities. In Cu (BH) [P (C,H) 3], the 


coordination of the copper atom is a distorted tetra- 


hedron with two of the coordination sites occupied 


by, bridging hydrogens., The P-Cu-P and Uu-Cu-H angles 


of 120° and 103° respectively, reflect this distortion. 


Cr (B,Hg) (CO), has an octahedrally hybridized chromium 


atom with two sites again being occupied by bridging 


hydrogens. 


(covey, 


54 
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Coordination of typeI Mis scapes ost dae 


by 

Cu (BH,) [P(C(H.-) 3] 5- The copper geometry again is 
distorted tetrahedral with two hydrogen atoms of the 
borohydride group bridging the copper and boron 

acoms. “Ine soort Cu-B distance (of 2,1847(9) A and 

long Cu-H distance of 2.02 (5) A suggests delocalized 
bonding between the copper atom and the borohydride 
group in which direct Cu-B overlap might be significant. 

In 2x (BH) ,°" the molecule is crystallographically 
required to possess Ts symmetry. The zirconium atom 
is tetrahedrally surrounded by the four boron atoms, 
and one terminal hydrogen atom is located on each 
C, axis. "Sol. - appears that" M-H-B «bonding of vtype LiL 
is present with the Zr atom surrounded by twelve 
H atoms. 

The reactions of disubstituted silanes with 
dirhenium decacarbonyl and with both tungsten and 
molybdenum hexacarbonyls produced an interesting 
series of silicon-bridged, metal-metal bonded species 
which were also postulated as containing hydrogen - 


See Since, Chics was 


bridged metal-silicon bonds. 
only the second class of compounds in which hydrogen 
was postulated as bridging a transition metal- 


non-transition metal bond, a systematic study of the 


representative molecules from this series was therefore 
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undertaken to elucidate the major structural charac- 
teristics of the systems. 

Viewing only the central cluster and ignoring 
the carbonyl groups, the molecules fall into five 
major classes: 


is no hydrogen Tieande. 9 e.g. Re, (CO) g [Si (CEH ] 


5) alo: 


II. two hydrogens, each on different transition 
metals but adjacent to the same silicon Atom 7 O° 
eu. Re. (CO) gHaSi (C,H) 5, 

III. two hydrogens, each on different transition 
metals and adjacent to two different silicon 
aronenoe e.g. W. (CO) gH, [Si(C5H,) 515, 

IV. two hydrogens, both on the same transition metal 
but adjacent to different silicons, e.g. 


] 


Re, (CO) 5H, [Si(C,H.) 5 >! and 
Vv: four hydrogens, two attached to each transition 
metal, each silicon having two adjacent hydrogens, 


e.g. Re, (CO) -H, [Si(C5H Le 


Seo wae 

The structural fragments are shown in Fig. 1 using 
valence bond description and normal terminal transition 
metal hydride formulation, with the exceptions of 

III (b) where bridging hydrogens are indicated and 

III (c) where the terminal hydrogens interact weakly 


with the Sidicon atoms. The main interest in this 


series centred around the central cluster of transition 
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Fig. 1: CENTRAL FRAMEWORKS OF THE SILICON-BRIDGED 


TRANSITION METAL SERIES. 
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metal and silicon atoms, especially when hydrogen 
ligands were present, to obtain information concerning 
the nature of the bonding of the hydrogen ligands. 

It had been suggested on the basis of spectro- 
scopic evidence that in these compounds the hydrogen 
ligands bridged the metal-silicon bonds rather than 


625,03 


being bonded terminally to the metals. The 


basis of this argument was the spectroscopic studies 


67,68 


by Kaesz and coworkers on the trimeric rhenium 


hydride [HRe (CO) 4], and its deuteride [DRe (CO) 4] 3, 

in which the absence of a distinct metal-hydrogen 
stretching frequency in the infrared was interpreted 
as evidence that the hydrogens were bridging. Since 
the terminal metal-hydrogen stretch should be visible 
in the infrared, its silence was postulated as a 
characteristic feature of M-H-M bridges. This was 
extended to the series of transition metal silicon 
hydrides where the metal-hydrogen stretch was again 


63 


absent in the infrared, and consequently a Si-H-M 


3 


bridge was postulated. In addition, in Re (CO) gHSi(CH3) 5, 


the methyl resonance appeared as a 1:2:1 triplet 


au t= 6-0) Wien a COUupLIng Constance J =—"-1.5 seas 
The magnitude of this coupling constant also suggested 
that the, nigh £1610 protons, which aregspiitting 
the methyl resonance, were close to the dimethyl- 


Silicon moiety since J (CH,-Si-H) = 4.2 Hz for dimethyl- 
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Silane alone. 
The first member .of thissseries to -havecits 


molecular structure solved by X-ray techniques was 


627,05 


Re, (CO) gH,Si(C Hs) Unfortunately, due to the 


ss ad en 


dominance of the rhenium scattering, location of 

the hydrogen ligands was not possible. However, the 
coordination sites adjacent to the metal-silicon 
bonds were conspicuously vacant so the approximate 


locations of the hydrogens were apparent. Elder 


postulated?” that the hydrogens were located in the 


Re5,Si plane such that the Re-Re-H angle was 90°. 


2 
Thus for a rhenium-hydrogen bond length?” oF 


° ° 
1.65. Ajsia eSijeucon=hydrnogen.-bond Mength of 1.59 1A 
would result. This position he said would give the 
proper orientation for a three centre Si-H-Re bond. 


However, the subsequent structure determination 


He : ; 64 
of the non-hydridic species Re, (CO) g [Si (C.H,) 4], 


showed a remarkable similarity in Re-Si bond lengths 


° ce) 
L2eo42(3) Al with Rey (CO) gHoSi (CH b2.044,(9) Al, 


5) 2" 
which was not expected if a three centre two electron 
Si-H-Re bond is involved in the latter. An un- 
ambiguous comparison of the two structures was 
hindered, however, by the realization that a disorder 
problem was present in Rey (CO) g [Si (CeH.) 5], (see 
Appendix 1). Although it was not believed that this 


eth evar 02 as 
Ley awupinives ysi~K oT fp 
oid of ouh .yieimnoananai 
te nidldmone ocmeapatiaiiens att ipl | 

of? .rsyewoH -sidheeeq dom aaw abasyil vspexbyrt ert > 
cool Lie fetom eda ot gaeoatibe othe cobsentbzqoo 


sjotimergde oy o& donnoev ylautsigenos otaw ehaod 
1eif1 dns isqgs S1ew endposbyy od? Fo aimieoee 
rid a howeool exoy. snapoxbid add Jads “*bozenateed 4 | 
200 asw-steneli-aicoh add dat itm eanlg ce Lee 7 


o *Satened haed mapoukitt-mlineds 9 xa, amdit 
£ Pet te staal, And neoosbyd-noaihte, 6 A, Bas 
Srih ovin Woiische bise of AOR Leo 2int .divest bivaw a 
. bod aft-tt=38 theo Souls ATs tobipiisigo Tagoig 
neissolorretob seemed jasupsadis sit \sTSvewor 
*9 Le fg MB (0) ot eolouye oibi xbyd-n0n, ori) 20 
edjpned hood fe-s8 ni ytrrefimia sidexxemos 5 bewede 
UE (RYRER SY. g ligt WRG (ODOR ddiw [A KE) SEE ST | 
newtoates owt oadese sagdo «6 Tt Setosqxe ton aaw dotde i 
~ig oA .xeaitel ols ot bevivvnk et Snod of-hede 
asw eswtopste ows ong to noeineqmon evouppdas. 
tobxoeth » seis motiexiises ant yd) \1dvewod ,horsbenet 
202) cle (gily?) k2hg (OO) gait ph Jqoaord enw moidena 
etd tert, hovettiad ton enw JE dpbotylA 0 xkbemegl 


_ : ay a wss> 


15 


word affect the bond lengths in the central Re,Si, 
cluster, it did cast some doubt on accurate comparisons 
of the two compounds. 

Further evidence favouring the three centre 
Si-H-M bond arose from the structural determination 
pre type nto eae rage. 


in which two differing tungsten-silicon bonds were 


Of W. (CO) gH, [Si (CHe) 5] 


POUT 125.5660 (5) A and 22.703 (4) Ait This was inter- 
preted as being due to hydrogen insertion in the 
tungsten-silicon bond, thus forming a three centre 
W-H-Si bond. Therefore the crystal and molecular 
structure determinations of members IV and V 


(Re, (CO) JH, [Si (C,H.) 5], and Re, (CO) (H, [Si (C ) 


25) a!o 
were undertaken to obtain further information con- 
cerning the bonding of the hydrogen ligand in this 


series. These structure determinations are described 


in sChapters 1L.&-and si: 
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CHAPTER Il: a. THE. CRYSTAL.AND.MOLECULAR STRUCTURE OF 
DIHYDRIDO TRICARBONYL RHENIUM BIS 
(u-DIETHYLSILICON) DIHYDRIDO TRICARBONYL RHENIUM, 
[Re (CO) ¢H, (Si(C.H,) 5) le 


EXPERIMENTAL 


The sample of Re, (CO) ¢H, [Si (C5H.) 4], which 
was kindly supplied by Dr. Graham and Mr. Lessee was 
recrystallized from normal hexane, yielding colourless 
crystals with the shape of a general parallelepiped. 
Preliminary photography indicated only Laue symmetry 
T indicative of a triclinic space groups® The syste— 
matic absences for the working cell, as determined 


by Weissenberg (O0k2%, 1k, 2k: Cuk= X-radiation), and 
Precession methods’ (h02, hiz, h22, hkO, hkl, hk2: 


MoK= K-rad@iationyy are nkes Sh Wak = 2h Fei, ne +25 
One +e 1S eke +e. eS) 2nd fang ares consistent with. the 
non-standard space groups Fl and Fl. The non- 
standard cell was retained as the working cell for 

its convenience with respect to the crystal morphology 
and unit cell angles. Precise lattice parameters 

were obtained at 23°C from an analysis of the setting 
angles for 18 reflections which had been carefully 
centred on a Picker manual four circle diffractometer 


° 
using oe radiation of wavelength 1.54051 A. 
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A Delaunay reduction was performed°” and failed to 
show the presence of higher symmetry. The F centred 
cell parameters are : a = 8.357(3) A, Pi=9 681228 (6) ne 
ce = 18.184(6) A, a = 118.98(2)°, 8 = 92.62(3)° 

and y = 95.44(3)°, and the reduced primitive cell 


oO 
2185 14a Rembe=ecnTcaa Mae 


parameterssare: a 


2 Se hLOLS) FA, a 109: O7:( 8)" me O72.76(3) 2, sand 


112.88(3)°. The reduced primitive cell is related 


), 


Y 


to nthe Facentred-.cell by: ap = ~apy by = 1/2 (b,, + ap 


Cp = ~1/2(b,, + Ch). The observed density [2.23(2) 


g Sire obtained by floatation in aqueous Clerici's 


ie 


solution (Thallous formate-malonate, phot Ag m1 
is in satisfactory agreement with that calculated on 
the basis of four molecules in the F centred cell 
(2.255 g enmye For space group Fl the imposed 
symmetry on the molecule is 1, while no restrictions 
are possible for space group F l. Since 


J]. can have 1 symmetry, Fl was 


Re, (CO) ¢H, [Si (C,H) 5 2 
chosen and was later verified by successful refinement 
of the model. The General Equivalent Positions for 
the space group hl are = 2(x, y, 2301/24 x, 1/2 +1y, 
Pee eureka eee ie ee ee ee ee feet 2) 

Intensity data were collected on the Picker manual 


diffractometer using CuK | radiation monochromated by 


the (002) reflecting plane of an oriented graphite 
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oxgeieh using a take-off “anglevor 2°22 MIwolicrystals 
were used during data collection and in each case 
they were aligned with their a* axis coincident 

with the $¢ axis of the diffractometer. The crystal 
faces were identified and the perpendicular distances 
between parallel faces of the same form were measured 
ase Crystal —w rl PUyUT peor s mms 107, 0) ,. 0.065: mme 
{0,1,lPre0.084*mmsand 'erystalt2oatll, OA0) 202077 mm; 
{0,0,1}, 0.065 mm; and {0,1,1}, 0.036 mm: Data were 


collected for reflections with 26 values between 0° 


and 125° using the coupled w/26 scanning technique with 


a 20 scan speed of 2°/min and scan width of three 
degrees (to allow for increase in mosaic spread as 
crystal’ decomposition occurred). "9Stationary back- 
ground counts were measured at the limits of each 
scan for 20 seconds. Assuming approximate linearity 
of background, the intensity of the peak (I) is given 
bY: 


ea t (By + Bq) (2) 


where P = peak count, t = tp/t, or the ratio of 
peak scan time to the sum of the background times, 


and By and BQ are the background counts. Standard 


deviations of the intensities were computed from the 


relationship: 


mo Pe (2) 
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where B = By = 5 B.- Anitvugnoranceriactor a(n) fori0aG3 
was used to account for machine errors and to prevent 
unreasonably high weighting being applied to 


reflections of high intensity. /° 


The detector was 
a scintillation counter and was used in conjunction 
with a pulse height analyzer which was tuned to 
accept 95% of the CuK . peak. 

Eight well distributed standard reflections were 
monitored at approximately 10 hour intervals to 
investigate possible decomposition. The decomposition 
was found to be approximately linear with time and 
was essentially free of sin §/A dependence. The 
total decomposition for the data collection was about 
10%. The 1690 unigue reflections collected were 
reduced to 1510 using the criterion that a peak is 
significantly above background when I/o(I) 2 3.0. 

The significant data were reduced to structure factor 
anpLlitudes by icormecticontion Lorentzyapolari zation, 
decomposition, and absorption effects. Standard 
deviations in the structure factors, o(F), were obtained 


from the expression:_+ 


pens | D CL) 
o(F) = > ALp’ ° 71/2 ti) 


where D, A, L, and p’ are the decomposition, absorption, - 


Lorentz, and polarization correction factors res- 
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pectively. The high linear absorption posbhieient ° 


for Re, (CO) (HH, [Si(C,H.) 5] using CuK= X-radiation 


2 
6226907 cman) gave rise to a wide range of trans- 
mussPonmiactors (OmNbS8etor0.382)ewhich®madetan 
absorption correction imperative. The absorption 
correction was verified by observation of the varia- 


erowrin =1 = 90°). -as i$) was varied. The final 


noo '* 
corrected intensities of this ¢ scan data showed 
variation from the mean of less than 10% and thus 


were judged to be internally consistent. 


STRUCTURE SOLUTION AND REFINEMENT 


A Patterson map bl 


was computed between the 
iainntcwOus thee 5 pe ay ShO- Seanad Ol<ew.e 7085. 
The Re-Re, Re-Si, and Si-Si vectors are derived 
for space group Pl lin®Tabiesie, Thelvectorsufor 
space group Fl are generated by adding (0,0,0), 
CPD] BAGO) Fi (A280 7/2 Pande Onze) 72). ete ‘those 
derived for *P1l. cin addition all*vector multipli- 
cities increase by a factor of 4. The origin peak 
is due to the sum of the vectors between every 
atom and itself, thus the magnitude of the origin 


vectors roughly vgiven.by: —(20x Gee O27 L4¢ + 


Meteo ere ShGH AG2 oe eTS) =812552 vn ithe daurier 
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program used to calculate the vector map, however, 
the origin peak is normalized to 1000. Therefore 
taking account of the largest negative peak (~ -40), 
and assuming the temperature factors are comparable, 
one expects the Re-Re vectors to have approximate 
magnitude 466, the Re-Si vectors ~ 174 and the Si-Si 
vectors ~ 17 above background. Viewing the Patterson 
map (summarized in Table 2) it is obvious that the 
first two vectors correspond to Re-Re vectors. On 
inspection of the map the first vector is identified 
as associated with the 0, 1/2, 1/2 origin therefore 
is attributed as (2X, 1/2 + 2Yp1 1/2 + 2Z,)- The 
coordinates of the rhenium atom are then calculated 
as (0.120, -0.010, -0.061). The second peak then 
corresponds to the edge of the vector (1/2,1/2,0) - 
(2Xp12Ypr2Zp)- 

The next most intense peak, having a magnitude 
approximately comparable to that expected for a Re-Si 
vector, was situated at approximately 2.44 A from the 
origin (a distance which is similar to the Re-Si 


62,65 


distance in Re 4 (CO) gH,Si (C,H lee ePOr Chis 


5)2 
reason it was chosen as the (Xp — Xor Yp ~ Yor Zp - Zo) 
vector and from this the silicon coordinates were 
calculated as (-0.08, -0.13, -0.61). The next two 


vectors were then adentified! asi (1/2,172,0) - (xp -— Xor 
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TABLE 2: ASSIGNMENT OF MOST INTENSE 


PATTERSON VECTORS 


RELATIVE 
PEAK 
u V W HEIGHT ASSIGNMENT 
0.240 0.480 O57 6 487 CO 2/2) 0 =e 
(2x,,2Y,722,) 
05240 ~02500 aka G eG) (L/2 (L260 tes 
(2x, 2Yp: 2Z,) 
0.200 0.120 0.0 ns al (X,-Xo Yp7Yor Zp-Z_) 
0.280 Oersau 0.0 as CU alee AD te 
(Xp7Xet Yp"Ys 2Q72g) 
0.040 0.360 0.360 LLY CO ple 2 ple) ee 
(Xp+Xo, YrtYor ZptZq) 
0.240 0.040 0.396 98 athe NC ns ears 
0.480 0.460 0.234 91 SIO 
b 
0.0 0.140 OS 126 90 —(XptXo, YrtYor ZptZq) 
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Yr SCY GPeZ sae Zo) eral es ( Oe A220 ei 2T (Xp + Xor Yp + Yor 
R g)- Image seeking around the Re-Re vectors 

then identified three of the next four vectors as 
being due to build-ups of Re-C and Re-O vectors from 
the molecules. at... (t/2,1/2,0) (and (070/2,1/2)2 the 
peak observed at ~(0.00, 0.140, 0.126) was identified 


as the edge of the vector ~ (x, + Xor Yp t+ Yor 


ye oe ee 

Ac Enis Pome 1 wassObvrLous that tie Re,Si, 
core had an inversion centre or at least was very 
close to having one, otherwise a more complex vector 
pattern would have been expected corresponding to 
independent -Re€_), Re(2), Si(l), and Si(2) positions. 

A least squares refinement phased on the 
rhenium and silicon positions converged in two cycles 
yielding a discrepancy index, Ry = 0.132, and a weighted 
residual, R, = 0.186. These "R factors" as calculated 


2 


in the least squares program are defined as: 


R, = L|lFol - lel | 7Llz,! (4) 
ry = {DwilFyl - Rel ?/Dwle |? $7? os 


where eq and [Be lawe the observed and calculated 
structure factor amplitudes respectively, and w 


the weighting factor is defined by w = 1/2 G35 


pitgsk od Awne anced esw BE Inbeg gee PA om 

vay gow g@eck 36 Yo Stanep Agletsenk ie bed 6x60, - 
ecaidamaet tsasetat isi insulate |. 

ot oritincaybaton tiettodétos ood ovnd ‘Sibow oniatone: ¢ y 

shottiecs (YEE Bin) U1) 22e thie8 (fet suokemeebek 

oat hby Bene vitpertt S| deudlipa seuet a! oe : 

aolys ot AE bopxaveos arnita teen nobLtte me muda Wh 
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/ bes 


Structure factors were calculated using the atomic 


lS 


scattering factors for rhenium and silicon atoms 


to which the anomalous dispersion corrections, ©” 


ie ae | 
eee 5.58, 


both real and imaginary were applied 
Aen = Ac, = Aen = : 
fre Sal, fo; = 0.23; toi = 0.36 ), The function 
which was minimized during the least squares refinement 
pe 


was rw(|Fo| - ee : 
An electron density difference map, phased on the 
rhenium and silicon atom positions, yielded the location 
of all other non-hydrogen atoms. A least squares 
calculation performed on all non-hydrogen atoms 
converged in two cycles to Rj = 0.061 and Roe 0.074. 
Decomposition and absorption corrections were applied 
to the data and one further cycle of refinement gave 
R, = 0.055 and R, = 0.073. Comparison of hom and 
LP showed no indication of extinction problems so 
no correction was applied. This was reasonable 
considering the width of the peaks (~ 2°) indicating 
high mosaicy of the crystals. 
Refinement of the model with rhenium and silicon 
atoms having anisotropic temperature factors gave 
Rj = 0.039 and R = 0.053 after two cycles. An electron 
density difference map phased on this model showed 


features in the regions of the other atoms which sug- 


gested that they too be given anisotropic temperature 
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factors. This gave Ry = 0.034 and Ry = 0.045 after 
a further two cycles of refinement. The form of the 
temperature factors used was: 
2 92 


2 
exp [-(8,)h” + Book” + B32” + 28, ,hk + 28, ,h2 + 28,,kL)]. 


2 3 


The validity of the anisotropic refinement was veri- 
fied by a Hamilton's & test’? at the 0.005 significance 
level. 

An electron density difference map was calculated 
in an attempt to locate the hydrogen atoms in the 
structure, especially those attached to the rhenium 
atoms. It was encouraging that the highest peaks in 
the electron density difference map (1.75 - 1.14 e so 
were located in the space between the rhenium and silicon 
atoms in the approximate position expected for a 
hydrogen bound to rhenium. For this reason the method 


of La Placa and Tbers-> 


was used in an attempt to 
discern whether these peaks were hydrogen atoms or 
just artifacts arising from the improper treatment 

of the rhenium scattering or vibrations. Ibers 
reasoned that if the peak is not due to hydrogen 
scattering, then as the number of terms in the Fourier 
series is varied, the peak should disappear or shift 
markedly. A peak due to a hydrogen atom, however, 


should remain approximately in the same position and 


the peak height would be expected to vary in accordance 
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with the equation 


Ss 
fe) 
9 Sen 
ce® = if (1 + a*s°/4)"? exp (-Bs2/161*)s*ds (6) 
27 
0 
where Pay is the electron density of the hydrogen atom, 


a is the Bohr radius = 0.5292 ae s = Anh sin 3, and 

B is the hydrogen temperature Bactow. Using a 
temperature factor of 3.6, electron density difference 
maps were calculated for sin 6/i cut-offs of 0.2, 
Uo2o, 0.3). Uso, Oat nO. 5S Ceonplete Data); The re- 


sults are-—stimmarized in Table 3. 


TABLE 3: OBSERVED AND CALCULATED ELECTRON DENSITIES 


FOR VARYING SIN 6/i CUT-OFFS 


SIN 6/X LIMIT Eee os NS. pees (eA: } 
0.20 74 0.16 0.49 - 0.42 
0.25 143 0.25 0.78 - 0.69 
0.30 243 0.33 107 — 0.87 
0.35 371 0.41 2S e=e0 97 
0.40 556 0.47 440 02 
0.58 1509 0.63 127 5h Ls 


(Complete Data) 


The electron density observed is in all cases 
much greater than that calculated by Ibers' formula. 


A representation of the electron density difference 
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Map calculated through the plane of the rhenium and 
STlcCon" atoms *£Or fa-Sin* 0/X 1 imLerore0.35 ss shown 

in Figure 2. The hydrogen, which could be situated 
anywhere within the 0.4e xO Contour On fois diagram, 
therefore cannot be located with certainty. This 
implied that the peak height, although being con- 
tributed to by the hydrogen, could be receiving a 
strong contribution due to the inadequacy in des- 
cription of the rhenium scattering. For this reason 
several least squares refinements and corresponding 
electron density difference maps were calculated 
making changes of t 0.5 e to each of the real and 
imaginary parts of the anomalous dispersion corrections 
in turn. This produced no changes in the refinements 
or in the difference maps. It was therefore concluded 
that the peaks, although possibly containing contri- 
butions due to the hydrogen atoms, are due mainly to 
inadequacies of the model or systematic errors in the 
data. Among these are inadequate description of the 
scattering due to the rhenium atoms and residual 
absorption effects. In addition, doubt concerning the 
degree of contribution of the hydrogen ligands to 
these peaks existed because of the failure to locate 
the methylene hydrogen atoms of the ethyl groups. 


The computer programmes used in solution and 
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refinement of structure and presentation of Data are 


listed and briefly described in Appendix 2. 


RESULTS 


The observed and calculated structure factor 
amplitudes, |F.| and Kee lcs are Shown ‘in Table 4.7 The 
final fractional coordinates of all atoms except hydro- 
gens are shown in Table 5, their standard deviations 
being obtained from the inverse matrix of the final 
least squares analysis. The anisotropic mee and 
the equivalent isotropic Big?! of all atoms are shown 
in Table 6. Relevant bond lengths and bond angles 
are shown in Table 7. The bond lengths and angles 
along with their standard deviations were obtained 
from ORFFE. A packing diagram for the face centred 
cell, viewed onto the 0k% plane is shown in Figure 4. 
The open bonds indicate molecules in the O0k&% plane 


whereas solid bonds indicate molecules in the 1/2 kez 


plane. 
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TABLE 4: 


FACTOR 


x L FOBS PCAL 


SeH = -J08e0 
3 15 670 660 
5 ts 1959 009 
5 13 1194 1156 
7 #11°1130 1069 
7 413:10865 1118 
9 7°1185 #1135 
o 9 671 620 
9 111159 1195 
WwW 3.1715 1604 
W 5 1839 1351 
13 1 542 890 
3 3. 1100 998 
13 5 850 840 
WS =-3 1378 1315 
15 =-1 360 365 
15 1 360 396 
17-5 1291 1326 
17 =3 1017 1015 

een = Qsese 
-12 #18 947 994 
-12, 20 829 425 
-10 16 1881 1840 
-10 18 1977 1476 
-10 20 474 $01 
-8 12 829 822 
-8 19 1676 1595 
-8 16 2740 2586 
-8 18 1366 1363 
-6 10 2705 2542 
-6 14 1782 1659 
-6 16 2131 2002 
-6 18 962 909 
-8 6 18117 1646 
4 8 3954 3857 
~4% 10 2528 2467 
—“§ 12 267 260 
ST ULP SEICEIS Gilet) 
-8 16 2076 1959 
-§ 18 963 942 
~2 4 1506 1456 
-2 6 1799 1736 
aa 8 4109 4301 
-2 10 2856 2473 
-2 18 1580 1547 
-2 16 2068 1985 
-2 %8 925 925 
te} 2 2021 4355 
0 4 1623 1535 
i) 6 2199 2485 
to) 8 3853 4072 
0 10 21989 2206 
9 #412 830 836 
0 18 2345 2256 
0 16 1729 1710 
0 #18 #431 484 
2 -2 9556 4596 
2 0 5623 6229 
2 2 2028 2023 
2 ® $871 S251 
2 6 2706 2833 
2 8 2526 2684 
2105 7457 420 
2 #12 1024 1039 
2 #14 1485 1461 
2 16 1083 1050 
@ -% 671 396 
® +2 2760 2807 
s 0 5791 5656 
5 2.1926 1914 
a 4 1136 1214 
a 6 2148 2086 
a 8 1995 1961 
@ 10 897 956 
M32 Sa2 $70 
& 14 1331 1320 
6 -8 3827 3795 
6 -6 1939 2021 
6-2 52599 2997 
6 0 4153 4040 
6 2 1507 1439 
6 @® 1250 1166 
6 6 2570 2517 
6 6 2121 2081 
6 40 (675 618 
6 iv2.. 760 770 
6 -10 3098 3040 
6 -8 3903 3852 
8 -6 1917 1923 
6 -8 1399 1400 
6 =2 3515 3669 
8 0 3169 2955 
8 ee Aa} 724 
8 Ee ee 
8 6 2776 2679 
8 8 1560 1525 
10 -18 636 $80 
10-72 1896 1893 
10 -10 2855 2751 


WwW <A 7135 
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OBSERVED AND CALCULATED STRUCTURE 


AMPLITUDES 
K L POBS PCAL K 
10-4 1728 = «1780 =5 
© 4-2 2559 2626 -5 
1 0 1572 1469 =5 
1 2 226 318 => 
10 8 1658 1594 =5 
10 6 1636 1587 =5 
10 8 658 688 =5 
12 =16 1990 1253 -5 
12-14 $73 574 °5 
12 -12 1046 988 =-5 
12 =10 2062 1939 —5) 
12 -8 1597 1978 =5 
12-6 503 408 -3 
12, =4 1105 1070 =3 
120 -2:1748 1750 =3 
12 0 1086 1038 -3 
12 4 816 7196 = 3) 
12 6 1110 1149 -3 
14-18 982 1038 =3 
WH =16 1214 1245 3 
WW +14 418 359 =3 
16 +12 1C768 1055 -3 
14-10 1805 1750 =3 
14 =-8 1542 1463 = 
18 -6 452 395 = 
14° -4 1204 «1218 =3 
14 -2 1698 1719 5) 
14 G0 926 906 =3 
18 a 777 820 =a 
16-16 903 932 = 
16 -12 1078 1118 -1 
16 -10 1842 1751 -1 
16 -8 1070 1033 =1 
16 -4 1157) 1181 -1 
16 -2 1225 1249 -1 
16 Oo 481 536 = 
18-14 3405 328 -1 
Teo —t2 9989) U0 ni7 =1 
16 =10' (975. 995 = 
18 -8 369 403 =1 
18 =6 327 367 71 
een = leone -1 
aaa Wf Uh kbs 611 -1 
-17 9 724 576 = 
“17 111397 1226 1 
-17' 13 955 1060 1 
=%7 15 298 339 1 
=15 5 1864 1394 1 
-15 7 380 314 i 
-15 9 (869 797 1 
=%5 1 7286 1313 1 
-15 13 1008 1025 1 
-15 17 630 641 1 
=33 1 542 Bits 1 
-13 3 1626 1502 1 
ale! 5 1680 1612 1 
-13 7 685 590 1 
-13 9 906 889 1 
-13 11 1699 1890 1 
=13 43° 7338 1332 1 
—t2 15) )291 274 3 
cous Mie Lr 585 3 
=-13 19 1073 1156 3 
=A) =1) 909) S39 3 
=11 1 665 604% 3 
-11 3 2694 2666 3 
“11 $52562) 2539 3 
211 7 608 547 3 
-11 9 1261 1258 3 
18) 0 Ne23 01, ens. 3 
-11 13.1978 2028 3 
tS) 00 296 3 
-11 17 1031 1052 3 
-11) 19 1381 1406 3 
=9 =5 2619 2685 3 
-9 +3 1980 1974 3 
-9 11823 1629 5 
te) 3 9092 4158 5 
=o 5 2989 2625 5 
-9 7 498 450 5 
-9 S02:593) 52587, S 
=-9 AN) 3353: 3376 5 
-9 13 1659 1624 5. 
=F US) eo $96 ‘ 
“9 17: 1896) «#1491 5 
-9 19 1343 1362 tb 
-7 +7 1599 1519 5 
-7 -5 2656 2639 5 
-7 «#=-3:1798 1841 5 
-7 i 2337 (2653 5 
77 3 3610 3843 ) 
-7 Shee ees 5 
-7 7 881 A118 ai} 
-7 9 2087 1905 7 
-7 11 2780 2666 7 
-7 13 °1098 1081 eh 
-7 15 815 788 7 
=? 7 13137 1302 7 
-7 19 928 938 7 
-S =-7 1788 1756 


(ELECTRONS X 10) 


os 


roeS 
3897 
1870 
1088 
4308 
3258 
865 
2566 
2706 
1355 
526 
1560 
1137 
1818 
1690 
2212 
4397 
3350 
616 
3449 
5258 
1253 
1074 
3026 
3174 
1085 
1161 
1800 
992 
19007 
2821 
1657 
902 
3556 
5726 
3190 
2204 
6243 
4097 
1026 
2231 
3968 
2428 
1389 
1666 
ses 
1884 
2332 
812 
1358 
3468 
3708 
2894 
4241 
2415 
527 
2206 
2685 
1355 
1163 
1126 
464 
1651 
2477 
W179. 
1185 
2827 
2791 
2543 
2042 
5701 
2231 
297 
970 
2482 
1732 
943 
669 
542 
2113 
2753 
1291 
1717 
3759 
2972 
576 
2681 
5371 
2838 
1982 
2508 
1093 
318 
1083 
2035 
2306 
2464 
3943 
2277 
3372 


K L POBS FCAL 
7 18726 8657 
7 Seip oe to2e, 
7 S 788 777 
7 71838 1735 
7 9 1717) 1672 
wt 1689. 616 
Svat oe) ses 
9 -15 2029 2061 
9 -13 1395 1395 
9 =11 545 a67 
3 = 9) 2892, 2872 
9 -7 2953 2946 
9°” =5) 677 651 
9 =3 583 631 
9 =-1 2309 2813 
Os) 12858 2750 
9 3 665 639 
) 5 699 850 
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TABLE 7: 


INTRAMOLECULAR DISTANCES AND ANGLES 


° 
INTRAMOLECULAR DISTANCES® (A) 


INTRAMOLECULAR ANGLES® 


Re-Re'P 
Re-Si 
Re-Si" 
Re-Cl 
Re-C2 
Re-C3 

So. -C4 
Rooke! cae 
Re-Re*-C2 
Re-Re*-—C3 
Re-Re'-Si 
Re-Re'*-Si' 
Ci-ke-C3 
Ci-Re-C2 
Cl-Re=Sii 
Cl-—Re=s1 * 


3,084 (1) 
2.033'(2) 
2235943) 
1.94(1) 
e962) 
oa) 


1.885 (8) 


di. 5 (3) 
2 Lis OMS) 
Som (3) 
22. 6( 1) 
ei) 
89.4(4) 
90.3 (4) 

£26. 603) 


E2523°(3) 


Si-cé 
Cl-ol 
C2-02 
C3-03 
c4-Cs 


Conky 


(DEGREES) 


C3~-Re-C2 


C2510 


Re--Si-Re' 


Re-Cil=O1 
Re-C2—02 
RE-C3-03 
Si-Ca-C 5 


Si-C6~-C7 
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5. 04201) 


“standard deviations in parentheses refer to last digit 
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Pprimed atoms related by an inversion centre. 
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PACKING DIAGRAM FOR Re, (CO) ¢Hy[Si(C5H.)5],, 


4: 


Fag: 


PROJECTED ON be PLANE. 
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DESCRIPTION OF STRUCTURE 


Rey (CO) ¢H, [Si (C5H.) 5], has approximate Con 
molecular symmetry. Its molecular structure is shown 
in Figure 3. The molecule is composed of a central 
cluster of two rhenium and two silicon atoms in the 
shape of a rhombus, with like atoms at opposing corners, 
and a bond joining the two rheniums across the shorter 
diagonal. One carbonyl group on each rhenium lies 
approximately along the Re-Re axis, while the other 
four lie above and below the plane of the rhombus, 
two on each rhenium. The ethyl groups are bonded 
two to each silicon, one above and one below the 
rhombus plane, giving the silicon atoms a distorted 
tetrahedral environment. 

The Re-Re distance is 3.084(1) A, compared with 


G2705 


° ° 
SR. LZ 2), ane CO) gHoSi(C.H BOOT) a 


ed) 


5) 2" 
S and 3.024 an Re (CO) 


> ( 


: ; S502 05 
in Re, (CO) , [Si (CH 


6 
her ea 10’ 
and thus is again consistent with a Re-Re single bond. 
This is further substantiated by the acute Re-Si-Re 
angle [74.9(1)°]. The average Re-C (carbonyl) 

° 

distance is 1.96 A and the average C-O distance is 

° 
1.16 A. These agree well with the carbonyl distances 


62,064,695 The 


in other rhenium carbonyl derivatives. 
Re-C and C-O bonds along the Re-Re bond are not 


significantly different from the two trans carbonyl 
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groups perpendicular to the Re,Si, plane. In addition 


° 
the average Si-C (ethyl) distance (1.88 A) and 


° 
C-C distance (1.53 A) both agree with the sums of the 


Si-C (sp?) and ¢ (sp*)-c (sp°) covalent ae 


(1.91 A and 1.54 A respectively). 


The Re-Si bond lengths (2.534 A) are in close 


agreement with those found in Re, (CO) oe 


64 
6H5) 2! 2° 


respectively). This was not expected if bridging 


gHoSi(C.H.) » 
° ° 
(4.544 Aland 2.542 A 


and Re, (CO) g[Sil(c ] 


hydrogens were present in the two hydrides. Rather 


a difference in bridged and unbridged Re-Si bonds, 


: ; 66 
analogous to that observed in W. (CO) gH, [Si(C,H,) 5], 


was expected. A complete discussion of this phenomenon 


follows in Chapter IV, with emphasis on the existence 
of bridging hydrogens and their relation to the 


transition metal-silicon bonds. 
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CHARTER ale leln: THE CRYSTAL AND MOLECULAR 
STRUCTURE OF DIHYDRIDO TRICARBONYL RHENIUM 
BIS (u-DIETHYLSILICON) TETRACARBONYL RHENIUM, 
[Re (CO) 5H, (Si (C, 


EXPERIMENTAL 


The sample of Re, (CO) 5H, [Si (C5H_) supplied 


glo: 
by Dr. Graham and Mr. Ogee aL, was sublimed in a 
sealed tube to give crystals that were suitable for 

a single crystal diffraction study. The crystals 
produced were clear colourless plates. Preliminary 
photographs showed 1 Laué symmetry and no systematic 
absences, consistent with the triclinic space groups 
Pl and Pl. Precise lattice parameters were obtained 
at 22°C from the 26 angles of 17 reflections centred 
ona Picker manual four circle diffractometer using 
SS 2G ee ee (A = 1.54051 Spe The parameters 
Se Ne aaa I AW er ee eae ge 
Oe she oe ye oO OL i, spe ype et Le vane 
Delaunay reduction®” showed no higher symmetry. 

The experimental density [2.21(2) g cm >] determined 
by floatation in aqueous Clerici's solution, is in 


acceptable agreement with that calculated (2.23 g om >) 


assuming two molecules of molecular weight 742.9 
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atneuslaniaiunit celblroftvoelumes! 207 ae: 

Intensity data were collected on the Picker 
manual diffractometer using CuK= X-radiation mono- 
chromated using the (002) reflecting plane of an 
oriented graphite crystal and using a 2° take-off 
angie: sa Thencrystadpwastabigned/ withsaztsia® axis 
coincident with the ¢ axis of the diffractometer. 
The crystal faces were identified and the perpen- 
dicular distances between parallel faces of the same 


formaneasured, as2:{i70y0} jet.7<-s Ps mas. 10,1406, 


ecu Om Pantoc0 Opie  elnueuhORe cnideeas coupled 
w/28 scan technique was used with a 26 scan speed 
or 2°9manh toncollect alisreflectiaonstwith, 26° -41257% 
Initially a:peak~scan of 90 secs. (3 deg.) anda 
stationary background count of 20 secs. at the limits 
of the scan were used, however as the crystal 
decomposed and the mosaic spread increased this 

was changed to 99 sec. peak scans and 19 sec. back- 
geoundsecs A scintillation counter in conjunction 
with a pulse height analyser, tuned to accept 

95% of the CuK, peak, was used to detect the scat- 
tered X-rays. Nine well distributed standard 
reflections were monitored at approximately 10 hr. 
intervals to assess decomposition effects. The 


2836 unique reflections collected were reduced to 
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2020 significant observations using the criterion 
that a peak was significantly above background for 

a A © = eal 3.0, where o(I) was computed as described 

in Chapter II. The data were then reduced to 
structure factor amplitudes by correction for Lorentz, 
polarization, decomposition, and absorption effects. 
The decomposition was approximately linear with 

time and no significant sin 6/A dependence was 
observed. Total decomposition for the data collection 
was about 13%. Standard deviations, o(F), in the 
structure factors were computed as described in the 
previous chapter using a“p factor”of 0.03. 


The high linear absorption coefficient °° of 2G. 798 


cm * £Or Cuk= X-radiation, and the platey habit of 
the crystals gave rise to a considerable range of 
transmission factors (0.14 - 0.47). The absorption 
correction was verified experimentally by investi- 


gation of the behavior of I asco) SuNct ron or). 


hoo 
The internal consistency of the corrected intensities 
showed maximum deviations of less than 10% from the 


mean and was considered acceptable. 
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STRUCTURE SOLUTION AND REFINEMENT 


A Seeaeaees ae 


map was computed between the 
Pams Sw Sock ee O25 5 ey eo bard 0. 0 owe OS os 
The rhenium-rhenium vectors were readily identified 

in the Patterson map and a consistent solution for the 
coordinates of the two independent rhenium atoms was 
POUns tO beg Rel OLS, Us SoS pe Uw oh) and (ke 

(0.018, 0.163, 0.207). Image seeking around the 

origin and Re-Re vectors provided consistent solutions 
for the silicon atom coordinates as: Sil, (-0.069, 


Oat ede es se tnOgol2 (0.21 5, 70.213) 0. Sos). he 


Major vectors and their assignments are shown in Table 


a. 

A resume of the refinement is shown in Table 9. 

TABLE 9: REFINEMENT OUTLINE 
MODEL R, R, 

1) Rhenium and Silicon atoms 

SSOEEODIC 0.166 OL 238 
2) All non-hydrogen atoms isotropic 0.106 O21 31 
3) Decomposition and Absorption 

Corrections 0.061 OLS 
4) Re and Si anisotropic tem- 

perature factors 0.047 0.064 


5) All non-hydrogen atoms with 
anisotropic temperature factors 0.040 ONO Si, 
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Structure factors were calculated using the 
atomic scattering faciore. for the neutral atoms 
for rhenium, silicon, carbon, and oxygen. The real 
and imaginary parts of anomalous dispersion correc- 
tions’ ® were applied to the rhenium and silicon 
scattering factors.’ All non-hydrogen atoms were 
located from an electron density difference map 
phased on model 1 . Refinement of the model with all 
temperature factors anisotropic was suggested by 
features on an electron density difference map phased 
on model 4 , and was verified by a Hamilton's R Test’? 
at the 0.005 significance level. Anisotropic tem- 
perature factors were of the form: 


2 2 2 


exp [-(8),h + Bo5k + B33 + #28..hnkK + 26, 3h 


iz 
+ 2B53k%)]. 
In an attempt to locate the hydrogen atoms an 
electron density difference map was calculated, phased 
on model 5 . The highest features were of the 


approximate magnitude 1.le ne and were located in the 
vicinity of the rhenium atoms, but could not be 
interpreted as hydrogen atom peaks. Similarly no peaks 
were observed in the positions predicted for the 
methylene hydrogens of the ethyl groups. The inability 


to locate hydrogens in this structure is due to similar 


problems as encountered for Re. (CO) ¢H, [Si (C5H,) 5],- 
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The scattering is dominated too much by the heavy 
rhenium atoms and hampers location of the hydrogens. 
Also, it is probable that residual absorption effects 
severely limit the data. This is especially true 

in this structure due to the wide range of trans- 


mission factors. 


RESULTS 


The observed and calculated structure factor 
amplitudes, ee and |F,|, are shown in Table 10. 
Table 11 contains the final fractional coordinates of 
all atoms except hydrogen, their standard deviations 
being obtained from the inverse matrix of the final 
least squares analysis. The anisotropic thermal 
parameters’? (U's) and equivalent isotropic oa 
of all atoms are shown in Table 12 and bond lengths 
and angles are given in Tables 13 and 14 respectively. 
The bond lengths and angles along with their standard 
deviations were obtained from ORFFE. Fig. 5 shows a 
three dimensional representation of the molecule. 
Least squares plane calculations are shown for the 
Re,Si, plane (Table 15) showing the deviations of the 


Re and Si atoms from the plane and also the distances 


of (the, carbonyl), groups, C202, C303 sand C606, =Irom 


a | 


shear araeeisw MRDEEAN ae Swiewdo ott 2 

Af pIGeY ne stare as Lot bas igi webs iiqna 

in Estetivisss (sioigdss? Eshst ef? exterens 11 olde? 
grolweivoh Hiebaecs visi¢ .aspoabys aqfeas amnts iis 
fani2 ort Jo xdader e226! ons mord Banieado palod 
lemrosiy cigevteetns s4T .4izylanes cersepe Jeael 
Un aqoiom! teateviopa bos (2°W) Seraremst8q 
si¥dael facd bre Si efdat Gi aor] ora eemse Bs 30 
eisersoodaes ti fan 64 aside? ay nevip oss estgas bas 
Wrkdonte vhowtd dtiw pants esters Gna edifonel bred oat 
s nWOne 2 .pht DRO MoT bonterds siaw anolgetveb 
_efocstom oft Yo lottgenavetgss Taaviasomib saat 

it v0h nwada om snokvatigtss Soni senupe seen 


this plane. Also the plane through the four carbonyl 


groups perpendicular to the Re,Si, plane is calcu- 


lated and also selected atom distances from this plane. 
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TABLE 10: 
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t) 
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1 
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i 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
Y 
8 
6 
8 
8 
a 
8 
Eoi® 
$ 
5 
s 
5 
5 
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6 
6 
6 
6 
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OBSERVED AND CALCULATED STRUCTURE 


FACTOR AMPLITUDES (ELECTRONS X 10) 


L poss FCAL 
Qsese 
5 357 378 
4 $75 $99 
Sse 377 
6 339 350 
6 372 373 
S$ 311 290 
& 826 @15 
@ 177 184 
y 263 256 
6 386 816 
$ 339 367 
6 285 310 
7 571 $90 
6 267 328 
8 $63 607 
S$ 318 316 
6 613 621 
y 287 261 
6 6848 658 
3.1286 1338 
® 666 855 
5 909 907 
6 225 217 
7 608 594 
6 196 168 
9 202 280 
2 1889 1927 
3 479 500 
@® 1021 1011 
S$ 198 206 
6 385 378 
2 $00 8 $03 
3.1160 1130 
® 182 205 
7 882 e564 
9 817) «417 
2 888 848786 
3 (243 206 
Ss 168 1848 
6 688 695 
7 231 210 
8 9830 891 
1 #788 648 
3 4892 504 
® 352 360 
$ 1850 1480 
6 196 186 
7 1367 «41351 
@ 177 116 
9 $52 560 
1 102 135 
2 1071 1056 
3 825 828 
8 1802 1880 
6 1265 1297 
6 630 631 
12901 3068 
2 #187 100 
3.1664 1636 
C5303 301 
5 897 919 
7 4859 ass 
2.1985 1850 
3 290 287 
® 708 735 
8 322 333 
12223 2085 
aa 186 
3 785 688 
&® 281 226 
5574551 
6 163 135 
7 642 808 
9 483 480 
@ 1262 1192 
2 308 277 
3. (159 158 
@® 1266 1237 
57278) 285 
6 1878 1095 
7 285 255 
6 719 710 
Q@ 216 217 
1 828 TAM 
PE sede) 232 
3.1610 1542 
8 303 2948 
$ 1598 1591 
6 297 265 
71025 998 
9 289 289 
-1 726 716 
@ 2221 #2175 
2 1335 1279 
3 $46 $21 
@ 1561 1892 
S237 205 
6 986 965 
oe 179. 168 
-1°2922 2987 
oO 785 691 
11806 1390 
rhe EP ERT 
3.1133 1092 
@ 292 268 
$ 800 379 
=) 615 8293 
0 2299 2094 
1 ete 604 
2 668 670 
6 397 409 
7 210 202 
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PoBS FCAL 
386 413 
“88 506 

1855 1423 
897 498 
827 408 
$25 $83 
350 jae 
ass 865 
394 206 
500 546 
836 863 
636 632 
5S1 $67 
982 1016 
a73 5a7 
698 787 
268 269 
338 344 
639 798 
354 339 
790 783 
$96 $956 

1098 1072 
$37 $50 
721 7a1 
330 335 
228 237 
325 333 
996 963 
705 660 

1061 988 
490 493 
810 785 
899 482 
553 590 
239 229 
226 236 
827) «798 
665 615 
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597 508 
463 455 
197 213 
255 241 
604 $31 
690 654 
564 519 
268 258 
181 162 
259 258 
372 326 
832 427 
341 313 
178 167 
145 151 
305 280 
442 431 
152 120 
199 195 
267 284 
aot 400 
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221 273 
202 220 
337 saz 
205 218 
275 263 
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703 708 
4387 485 
336 332 
791 800 
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242 233 
238 1898 
899 ©6495 
653 867 
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633 637 
236 279 
“09 460 
763 779 
931 912 
873 621 
538 516 
235 296 
56a 596 
a78 520 
926 957 
190 128 
808 691 
325 338 
152 152 
#60 078 
159 110 
915 959 
785 611 
799 918 
177 161 
622 680 
507 508 
167 176 
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235 258 
899 9a2 
322 385 
976 976 
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$18 505 
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438 ©6473 
262 270 
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983 
427 

1659 
21 
9a7 
286 
873 
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e28 
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1810 
755 

2089 
663 
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190 
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400 

1138 
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1136 
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1281 
S5aa 
7246 
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399 
1050 
636 
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233 
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458 
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811 
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870 
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1468 
817 

1854 
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285 
170 
a2) 
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238 
$i 
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2057 
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2255 

1167 
293 
223 
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355 
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ay 
$28 
34a 
189 
336 
658 
668 
918 
1275 
2069 
1176 
1616 
689 
209 
392 
486 
1048 
1065 
740 
668 
600 
351 
393 
617 
780 
998 
781 
751 
1242 
371 
297 
202 
702 
631 
1234 
1465 
1366 
888 
694 
ae 
1468 
soe 
615 
78a 
709 
300 
227 
$58 
608 
703 
1324 
952 
1323 
1036 
1002 
7s7 
320 
206 
@52 
369 
208 
071 
1118 
978 
1304 
1450 
1660 
750 
1091 
646 
594 
276 
173 
167 
265 
160 
269 
a32 
1465 
1245 
1252 
1310 
1963 
636 
5a7 
3a7 
231 
318 
$06 
509 
0368 
977 
1077 
1890 
865 
1231 
428 
215 
366 
369 
631 
317 
664 
223 
202 
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ag 
628 
565 
1266 
617 
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637 686 
279 256 
334 319 
633 835 
556 610 

1097 1189 
661 868 
705 716 
253 257 
293 325 
312 302 
563 575 
330 320 
825 800 
259 283 
253 2484 
239 224 
368 380 

1016 962 
618 627 

1249 12861 
419 38 
786 650 
211 234 
230 201 
348 350 
206 106 
e348 866 
231 234 
617 595 
370 367 

1277 1226 
801 363 

1101. 1058 
327 305 
711 723 
270 230 
152 138 
645 660 
208 390 
883 e77 
475 951 

1226 1160 
337 310 
712 686 
247 219 
866 “60 
$11 $10 
210 258 
998 975 
276 295 
909 642 
173 182 
487 a71 
238 252 
169 146 
742 704 
177 168 
638 623 
227 236 
297 270 
B59 &68 
154 86 
362 304 
@16 408 
162 156 
632 623 
546 $21 
635 630 

2eeee 
186 180 
365 374 
231 242 
151 160 
957 “62 
340 335 
$S2 $27 
392 382 
546 $18 
275 283 
321 3148 
261 248 
289 304 
610 586 
557 598 
687 683 
510 268 
540 $25 
273 250 
292 310 
390 391 
591 586 
672 668 
795 783 
727 685 
#22 @21 
319 319 
168 177 
291 282 
278 283 
317 310 
317 346 
208 376 
546 570 
$36 $13 
540 $a7 
600 $80 
840 820 
165 166 
250 259 
“68 86897 
Sv $10 
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Table 10 (continued) 
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TABLE 13: 


Atoms 
Rel-Re2 
Rel-Sil 
Rel-Si2 
Rel-C2 
Rel-C4 
Re2-C6 
Gi-oOF 
C3403 
G5405 
Ci-07 
SP-C 
Si2z-CHy3 
CaaerO 


Cr3-CL5 


° 
INTRAMOLECULAR DISTANCES® (A) 


Distance 
33052 (1) 
Za041 5) 
2.548 (5) 
593 (2) 
1.94 (2) 
$97 (2) 
4213 (2) 
PES (2) 
PHEA(2Z) 
PSEst2) 
E298 (2) 
1285 (2) 
(Pee TES 


1.54 (2) 


Atoms 
Re2-Sil 
Re2-Si2 
Rel-Cl 
Rel-C3 
Re2-C5 
Re2-C7 
€2-02 
C4-04 
C6-06 
S$il-C8 
Si 2-Cli2 
e3-CxLh 


C12-Cl14 


Distance 
2.539 (4) 
2.549 (4) 
bS96 (2) 
¥592 (2) 
h298 (2) 
bags (2) 
Peest2Z) 
PSIG {Z) 
pela?) 
Pg20 (2) 
1589 (2) 
¥o59 (2) 


23642) 


“standard deviations in parentheses refer to last digit 


quoted. 
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TABLE 14: 

Atoms Angle 
Sil-Re2-Rel oes) 
Si2-Re2-Rel Souci) 
Re2-Sil-Rel Poel) 
Sil-Rel-C3 80.4 (5) 
Re2-Rel-Cl 3907 1(5) 
Rel-Re2-C5 S224 C3) 
Rel-Re2-C7 plea 8 BSD) 
Rel-C2-02 L762} 
Rel-C4-04 L782) 
Rez-Co6-O0 Dae) 
CS=S17-¢9 12074 (3) 
CLO=-Co=soak PTS) 
Cl14-Ci2-Si2 114 (1) 


S$il-Re2-C6 


LE OA) 


Atoms 


Sil-Rel-Re2 
Si2-Rel-Re2 


Re2-Si2-Rel 


Si2-Rel-C2 
Re2-Rel-C4 
Rel-Re2-C6 
Rel—-Ci-O. 
Re1l-C3-03 
Re2-C5-05 


Re2-C7-0O7 


CP2-S12-C13 


Cll-Co—sil 


CP5-CYs-srz 


5i2-Re2=C6 


INTRAMOLECULAR ANGLES (DEGREES) 


Angle 
oe Pek Ul ed) 
Danese) 
(he eeey A; ) 
oso Co) 
B322(5) 
LSA 51) 
92) 
Li 5X2) 
LIB C2) 
iS (2) 
109.26(8) 
LPO 4) 
VES CL) 


128.0(5) 
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TABLE 15: LEAST SQUARES PLANE CALCULATIONS " 
FOR Rey (CO) 7H, (SiEt,)., 
(A) ATOMS DEFINING PLANE: Rel, Re2, Sil, Si2 
EQUATION OF PLANE: 
sO mOvse + U.0603i + OFS se — 126098 = 0.0 
DISTANCES OF ATOMS FROM PLANE: Rel 0.0029 


Rez 020031 


Sil =O. 020 Si2 02 020 
C6 0.026 O06 Dales 
(y =e) 02 02,002 
Cs Debio 03 0.184 
Of) cil. 


(B) ATOMS DERINING PLANE dred, gRe2 a CiaG4s "C5, C7. 
EQUATION OF PLANE: 
016073825 Ui S220ee OL SLOSS +70. 0Ss4e= 0.0 


DISTANCES OF ATOMS FROM PLANE: 


Rel 0.0004 Re2 0.0004 
en k 0.049 C4 =OeU 20 
C5 =0', 049 Ci 0.016 
Ol 0.065 04 coh ORAL Cs 9S) 
G2 UUs 7 O7 0.038 
C6 0.043 06 0.089 
Sil ome. 


fe} 
Se Y, and Z are orthogonal coordinates (Ayawe thy Xx along the 
@-axis, ¥ in the (a,b) plane, and 4 along the‘c*-axis. 
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DESCRIPTION OF STRUCTURE 


Re, (CO) -H,[Si(CjH.) 5], has approximate oe symmetry. 
A perspective view of the molecule is shown in Fig. 5. 
The central cluster is similar to that of Re, (CO) ¢H,- 


[Si (C5H }, shown in.Chapter ITI. The two rhenium 


5)2 
atoms and two silicon atoms are planar and located 
at the corners of a rhombus, with like atoms at opposing 
corners, and a rhenium-rhenium bond across the shorter 
diagonal. Two carbonyl groups (C303 and C202) on 
Rel are also approximately in this plane and trans 
to the Rel-Sil and Rel-Si2 bonds, while one carbonyl 
group (C606), also in this plane and bonded to Re2, 
lies along the Re-Re bond. The two remaining carbonyls 
on each rhenium are perpendicular to the Re,Si, plane 
above and below the rhenium atoms. 

The rhenium-carbon (carbonyl) and carbon-oxygen 
distances are regular and Similar to those observed in 
Re, (CO) -H, [Si (C5H.) 5], and other rhenium carbonyl 


64 765784,83,87,98789 The coordination 


compounds. 
around the silicon atoms is a distorted tetrahedron 
due to the small Rel-Si-Re2 angles. There are no 
unusual distances in the silicon-carbon (ethyl) or 
carbon-carbon (ethyl) bonds (compare Chapter le) ee 


oO 
The rhenium=rhenium distance [3.052(1) Al*®is consistent 


with a rhenium-rhenium single bond,and this is further 
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substantiated by the acute Rel-Sil-Re2 and Rel-Si2-Re2 
angkes#o Bav3ea7(1 a. andt73i5(1)Ae PBte@is also vinteresting 


that there is a progression in Re-Re bond lengths 
64 

Sige ieee 
Re, (G@) 64 nS (C., 


through the series Rey (CO) , [Si (C.H ) 


] 


Re, (CO) 7H, [Si(C5H,) 5 >" Ho) 1, and 


Re Wea hpunsi (CoH No Ae whereas the Re-Si bonds are 
approximately constant (Table 16). 

The longer Re-Re bond in Re, (CO) gHSi (C-H-) 5 
reflects the fact that only one Si bridge is con- 
straining the rhenium atoms together and also that 
the two extra eclipsed carbonyls are present causing 
added repulsion of the two Re (CO) , moieties. It is 
believed however that the Re-Re bond length differences 
inthe other three compounds indicate that there 
is significant mt bonding present in the Re-Re bonds 
whereas the Re-Si bonds are primarily o. Thus varying 
the number of t-withdrawing carbonyl groups in the 
molecules would be expected to affect the Re-Re 
bondswit anebending is: important pebut shave little 
effect on the Re-Si bonds if the nr bonding contribution 
here is not great. 

Using the covalent radii of paiidnig fon Sy 
Cla? A) and:cRe | (3283 A) a Single bonded Re-Si 


° 
distance of 2.45 A is predicted, which is less than 


° 
the observed value of approximately 2.54 A in these 
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compounds (Table 16). Although the radius used for 
rhenium may not be suitable, the larger observed 
Re-Si bond length does not weaken the argument that 
rhenium-silicon 1 bonding is of little significance 
in these compounds. A similar trend was eto ear 
in C1 (mC.He) 5ZrSi (C.H-) 3 where the observed Zr-Si 
distance [2.813(2) A] exceeded the value calculated 
withoPauling hiradizi (2<62 Se HereseZ r(lV ei satornmaliy 
d° so no back-donation into empty silicon d orbitals 
Gangsoceurmoslhus “ttewas ipostulatedsthat. only o 
bonding was important. This contrasts with 


“ and RhHC1(SiC1,) (PPh), °° where 


Co(Sicl,) (CO) 4” 
the Co-Si [2.254(3) A] and Rh-Si [2.303(4) A] distances 
are both less than the values predicted using Pauling's 
covalentsradpaint2.32 A and 2.42 A respectively). It 
seems therefore that metal-silicon mt bonding is present 
in these two compounds, whereas it iS minimal in the 
Zirconium and rhenium compounds. Any explanation 
of bond shortening as due to 7m bonding in these 
transition metal silyl compounds should be approached 
cautiously, however, since it is difficult to separate 
these effects from a o-inductive effect. Thus the 
changes in metal-silicon distances in the series 

93 


(n-C- He) (CO) »HMnSi (C(H,) 3, [20424(2) 7 Al; 
94 


(n-CoH,) (CO) sHMnSiCl, (C He), L2ecL0(2) 341 -and. also 
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the series Co (SiH) (CO) 4,” ey OR re AT 


Gatcrclamcain (peosn (3h al ean Co(SiF,) (CO) 4, 
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t2c2205) AN can be attributed to shrinkage of the 

Silicon orbitals by the more electronegative sub- 

stituents, thereby shortening the metal-silicon bonds. 
However mien oats the mode of bonding between 

the rhenium and silicon atoms, it is still possible 

to compare the distances within the series mentioned 

in Chapter II since all substituents are similar. 

Thus the most interesting feature of 

Re, (CO) JH, [Si (C,H,) 4], is the similarity in the Re-Si 

bond lengths and their similarity to the other members 

of the series. The Re2-Sil and Re2-Si2 bonds are 

adjacent to the hydrogen ligands whereas the Rel-Sil 

and Rel-Si2 bonds are "hydrogen-free". As was 

explained in Chapter II, the similarity of these 

bonds in the two differing environments is not 

expected in view of the proposed hydrogen Pridcings oo 


Again, complete discussion of this phenomenon is 


deferred until Chapter IV. 
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CHAPTER IV: MODE OF BONDING OF THE HYDRIDE 
LIGANDS IN Re, (CO) ¢H, [Si (CoH ] 


] 


5)2 2 


AND Re (CO) 7H, [Si (C5H.) 5 5 


Although location of the hydrogen atoms in this 
series of hydrides was not possible due to high dom- 
inance of the rhenium and tungsten scattering and 
also large absorption effects, investigation of the 
central framework, in particular the transition metal- 
silicon bond, has proved exceedingly valuable in 
obtaining information about the bonding exhibited by 
the hydrogens attached to the merase Three pos- 
sibilities exist for the hydrogen bonding in these 
compounds as shown for Wy (CO) gH, [Si(C,H.) 4], in 
Pic 0: (1) the hydrogen is terminally bonded to 
the transition metal with no interaction with the 
Silicon, (2) the hydrogen bridges the transition 
metal-silicon bond thus forming a three centre two 
electron bond, and (3) the hydrogen is terminally 
bonded to the transition metal, but with weak attrac- 
tive interaction with the silicon. A hydrogen 
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bridge of type (2) was postulated tor 


H-) in which the W-Si distances 


pate 2}o 
differed significantly (Table 16), with the hydrogen 


Wo (CO) gH, [Si (C 


presumably bridging the longer distance. However, 
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Fig. 6: Possible Bonding Schemes for the 


Hydrogen Ligand in W. (CO) pH, [Si (C5H,) 4], 


in Re, (CO) -H, [Si(C,H,) 5], the Re-Si bond lengths 


are not consistent with a three centre Si-H-Re bond, 
but rather seem consistent with a terminally bound 
hydrogen ligand. 

It was expected that if the hydrogen was involved 
in a three centre Si-H-Re bond, a significant length- 
ening of this Si-Re distance would be observed, 


analogous to W, (CO) gH. [Si (C5H Droid There is no 


La uae big 
Significant difference in Re-Si bond lengths, however, 


between the two hydrides Re (CO) gH4Si (C¢H ) oe and 


Se 
: ; 64 
Re, (CO) (H, [Si(C5H.) 514, and Re, (CO) g [Si (C.H.) 4], 


which contains no hydrogen ligand. Moreover these 


Re-Si distances are similar to the shorter (unbridged) 


] 


W-Si distance in Wo (CO) gH, [Si (C5H.) » >" and therefore 
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Fiq. 7: A COMPARISON OF THE GEOMETRIES OF 
(A) Re, (CO) JH, [Si (C,H._) 5] 5. (B) Re, (CO) g {Si (C.H_) 5],, AND 


(C) Re, (CO) ¢H, [Si (C,H et 


See 
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are more consistent with terminal hydrides. 
The ambiguity in comparison of the Re-Si bond lengths 


in the hydrides and Re, (CO) g [Si(C HH in which the 


5) ala: 
disorder problem existed (Appendix 1), was overcome with 


the structural determination of Re, (CO) -H,[Si(CjH.) 5]5, 


which, like the tungsten complex, was an internal standard 
containing metal-silicon bonds both adjacent to hydrogen 
ligands and "hydrogen-free". The similarity of the 

Re-Si bonds in this structure was added proof that 

the hydrogen ligands were not bonded in a fashion 


analogous to W, (CO) gH, [Si (C, }, and were therefore 


HAD) 
probably bound terminally to the rhenium atom. This 
reinforced the previous argument that the other 


rhenium hydrides in this series were also terminal. 


Fig. 7 shows Re, (CO) g [Si (C,H ) Re, (CO) 5H, [Si(C He) 


5 g)ar As ate: 


and Re, (CO) -H, [Si(CjH.) 5], viewed perpendicular to 


2 


the Re Si, planes and including only those atoms lying 


2 
approximately in this plane. Included are relevant 
bond lengths and angles for ready comparison of the 
three. 

To explain why the hydrogen ligands seem to be 
terminally bound for the rhenium compounds, but bridging 
in the case of the tungsten compound, it is useful 
to consider the coordination about the metal atoms, 
as shown in Fig. 8. In each compound there are 


two mutually trans carbonyl groups on each metal 


which are not shown. These are perpendicular to the 


ods AOLAW rit ety (gl! 
itiw smodxevo saw . (0 
vg lg tylig?) £2] Be (09), 
bisbust@e Lersieznb sa 26W , 
neperhyil of tasostbs tape : 
aid to ysxineliota ed? ."sert-aspotbyA” a ebasphl _ : 
sats toord hubbs asw oxudswate aid’ at ebnod te-sit 7 
noideet so pt behadd ton exew sbaapkt mepowdyA sit 
suttoetedd eaaw brs gig later? 12) pi, (09) oW oj avopolsns : 
aid? .mods mwiteia ode of yifenlated based yIdsdowg 
xesito of Jeo stamens wwolverq elt beotointes 
_inctotet ‘cele exow eohsee afft ai aobtsbys muinoda 
gle | ait Rey tO) ger g's tg ee (09) gait awode J ol i 
o2 saltiobbragtea Bowed ¢(¢ (ylile) £8} 8, (05) ooh bas . he 
priyl anvts seedt yine paibeloni bas eonsiq. -f3,9A ent . 
toevolex oxs fehytonl iensiq eid? at ylovamixoxqgs 
ott Yo aoekteatioo yiest tot eelpas Bae adszenel baoed 
-99%d4 
ad of mase abreprt naeotiyd edd piw alelqus p? - ’ 
paigbird dud ,ebavodinos mitted: sf3 162 bavod ylisntaned 
ftyteoey ei 32 ,fnvogae> netepaud sd? Yo easy oft at 
eu. ,emots Ingem ace juods tokisntbroqo sAg tebienos of 
sxe oxs8? Bavoqooe tone a 8 .piI ni awode es 
Latem dose no aqaomp Eynodzas sauts yiteudum owt 
58 OF TLR I) ee iit om ee a 


R R a a 
e OC Re Re 
Sees | | 
OC Si CO CO) (Gr 
(A) (B) 
Ht, 18s; CO Si CO 
Oc 
Ce aN a vs 
GEE caren WV Oc -Re Re 
Vg ONG ON ota Aa ara 
OG Si Si GO 
(C) (D) 
H Si H 
OC ae Re GD 
H 35 


(E) 


Fig. 8: HYDROGEN LIGAND ENVIRONMENTS IN THE SILICON 


BRIDGED TRANSITION METAL HYDRIDES. 
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° 
TABLE 16: RELEVANT BOND LENGTHS (A) 


IN SOME TRANSITION METAL SILICON-BRIDGED COMPLEXES 


COMPOUND M-Si M-M REFERENCE 
W. (CO) HM [st (CoH Joye eo. 58615), ante o) 66 
2 a2 515314) 
Re, (CO) .H,Si (C,H. , 2.544 (9) 3.121(2) 65 
Re, (CO) p [Si (C,He) 5], 2.542 (3) 3.001 (1) 64 
Re. (CO) H,[Si(C.H.).]. 2-533(2),  3.084(1) THIS WORK 
2 nee 25 27dkesee, 2755 
ReetCo) eH tote eyed 2554715), 3.052 (1) THIS WORK 
“ 72 Se aes) 
9.539 (4) 
2.549 (4) 


TABLE 17: RELEVANT ANGLES (DEGREES) IN SOME 


TRANSITION METAL SILICON-BRIDGED COMPLEXES 


COMPOUND Si-M-M M-Si-M Si~M-C 


W, (CO) gH, [Si(C5H.) 5)5 DS O02) toad Mies LOD a(S) 


Re, (CO) pH5Si (CH) 4 3 2 Ji) pie <A) 124.8413) 
Re, (CO) [Si (C.H.) 51, 52,2(2) 7 TAG) 78.7 (2) 
Dope conn en (Cad, Jogo) 61) 74.9(1) ages 3} 
Be eiCO) oH [ai s{cou.)ljeeoe- 2 (1) rissa eh 126.8(5) 


(E) 202.8 


wot: 
eee.t 
«Od S2.5 


fehgea's 


stele Olga 


g fig (gly) 28) pM, (09) sat 
lM 21 (OO a 


amor WT (Qreetnakr) agiovA THAVSIRN itt naar 
SRBC CAOGTAE-HOOT.IIA MATaM ROITTAMART. 


Seek 
(2) 4.00 

(EL)8.5ST 
(aye ar 
epee 
(ya ase 


Mel o-m 
(gdy te eh 
VIVES 
(E70.2% 
(tye, es 
(tps. et 


boi 6% 
(OL} 20 .E2 
11p@.€¢ 
(a) s.8e 
(ha se 
(oye .€2 


“aeIOIMOD 
gle (pMg2) Hal oi, (09) cit 
c (gig?) £8.11, (09) gaat 
gle (2449) 18] 4 (09) 908 
plc tale 42) ,HStO9) a 


cfg tall?) f45 oH, (09) cet 


plane of the central cluster and are a constant 
feature of all the structures. Hydrogen atoms, 
although not located experimentally, are positioned 
in what are thought to be their approximate locations. 
Viewing the hydrogen ligand environments in the 
examples shown, it is obvious that in the tungsten 
hydride (C), the hydrogen is more crowded than in 
the rhenium hydrides. The Si-W-C (carbonyl) angle, 
which encloses the hydrogen ligand is 109.1(5)° in 
the tungsten hydride, compared to the analogous angles 
Crea Ol, eee OL yan ee ie ots), i ce 
rhenium hydrides (B), (D), and (E) respectively. It 


aes want that a normal non-bonded 


has been shown 
H-C (carbonyl) contact can be as low as 2.0 e For 
a Re-H distance”? Gi. oo A calculations show that 
in the rhenium hydrides, maintaining the minimum 
C-H “contact, a H-Si, contact Of greater than 2.2 A 
arises. However the situation is much different for 
W, (CO) gH. [Si (C 5H.) 5] ,- If no hydrogen bridging 
concept is utilized, then using the unbridged W-Si 
drstance of “2.586 A, and maintaining the minimum C-H 
COlrlLact, 4 Vely SnoLe of 1 CONtact of, .i2 A occurs 
(this calculated assuming a W-H goers? a Rl my ay 


Even using the larger W-Si distance, a short Si-H 


° 
contact of 1.81 A arises. Therefore the hydrogen 
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ligands are constrained to be considerably closer to 
the silicon atoms in the tungsten compound. It is 
believed that the crowding of the hydrogen by the 
carbonyl group is then responsible for the appearance 
of the three centre W-H-Si bond, since it is possible 
that the three centre bond is favoured energetically 
over a terminal hydride involving the high repulsion 
energy which must be associated with the very short 
Si-H non-bonded contacts mentioned. 

Thesnon=bonded SisHicontact ofe2n2 A calculated 
for the rhenium hydrides is believed to be reasonable. 
ir (m-C,H_) (CO) HFe (SiF,), 
bonded to either silicon atom and was located at 
2.06(7) A from both silicons. Although seemingly short, 
these non-bonded contacts can occur because in these 
systems the hydrogens approach the silicon atoms 
in electron density nodes, for example between the 
F-Si-F covalent bonds in (m-C.H.) (CO) HFe (SiF3),, or 
between the C-Si-C bonds in the rhenium hydrides 
discussed. The repulsion is minimized in these bonding 
nodes thus facilitating the approach of the hydrogen 
ligand to the silicon atom. 

There seems therefore to be no inherent stability 
of the hydrogen-bridged metal-silicon bond. Rather, 


the three centre bond is the result of steric crowding 


the hydrogen was not believed’? 
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by an adjacent carbonyl group and only appears, as 

for W. (CO) gH, [Si(C,H.)4)5, when the hydrogen ligand 

is restricted to be close to the silicon atom. 
Although evidence obtained from the structural 


investigations of Re, (CO) ¢H, [Si (CoH) 4], and 


Re, (CO) 7H, [Si(C,H ).].,. combined with that obtained 


ee. 
64, 66 : : 
from Wo (CO) gH, [Si (C,H.) 51, and Re (CO) g[Si(C5H._) 4] 


exclude the possibility of a three centre Re-H-Si 


2 


bond, it does not exclude the existence of weak attrac- 
tive interaction of the hydrogen ligand with the 


si LiCdm vatom aneAnminsight jinto thisepossibi lity is 


93,094,971 


gained from the structural investigations of 


(1-C,H,_) (CO) ,HMnSi (CH ) (n-CeH_) (CO) »HMnSiCl. (C,H ) 


Soy 
in which the hydrcgen ligands 


5 
and (CO) ,FeHS1 (C-H,) 3, 
were located experimentally. In both manganese 
compounds the hydrogens were located at 1.55(4) A and 
1.49 (6) A respectively from the manganese atoms and 
deuh 6 (A) A and 1.79'(6) A respectively from the silicon 
atoms. However, in the iron compound the hydrogen 
atom was 1.64(10) A from the iron atom and 2.73(10) A 
from the silicon atom. In the two manganese hydrides 
the hydrogen ligands are constrained to be close to 
the silicon atoms due to steric crowding, the hydrogen 


° 
being only 2.08(4) A from the carbonyl in 


(m-C,H.) (CO) .HMnSi (CE H_) 3 and 1.98(6) A from the carbonyl 
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in (1-C,H,) (CO) ,HMnSiC1, (C,H,). Tierew sano pos 
sibility of increasing the H-Si distance without 
increasing the hydrogen contact with the carbonyl 
groups. However in (CO) ,FeHSi (C(H,) 3 the hydrogen is 
not constrained to be close to the silicon atom, since 
it is in a sterically less crowded environment than 
the manganese hydrides. Thus the long Si-H contact 
observed is indicative of a terminally bound hydrogen 
withenolatiraction! to the’ siliacons atom. ywiThis, is 
interpreted as meaning that there is no inherent 
stability of the weakly bridged hydrogen in this 
series in preference to a simple terminal hydrogen. 
Thus Gn conclusion; oni this, serieswofe transition 
metal hydrides, the hydrogen atoms are bound terminally 
to the transition metals in all the rhenium complexes. 
The hydrogens only approach the silicon atoms, as in 
the tungsten and manganese complexes, as a result of 
steric crowding and not as a result of any unusual 


attraction to the silicon atoms. 
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CHAPTER iVie DITHIOLENE??° INTRODUCTION 


Interest in the bidentate dithiolene ligands began 
in the mid 1930's when R. E. D. Clark discovereal®t/19? 
that toluene-3,4-dithiol and 1-—chlorobenzene-3,4-dithiol 
reacted with zinc, cadmium, mercury and tin halides to 
form complexes of the type [M(dithiol).]. Tha Ssaneaction 
was found to be especially effective in the analytical 


103,104 


determination of tin and of molybdenum and 


PUD; LUS p07 


tungsten and most attention was directed 


towards this end. By the early 1960's several dithiolene 


O08, 209,110 
and were 


complexes had been characterized 
£ound sto .be;ot pthe <form M(dithiol), involving a variety 
of dithiolene ligands combined with nickel, cobalt, 
palladium, and molybdenum. These bis dithiol complexes 
were found to possess two unusual properties. Firstly, 
they exhibited the unusual square planar geo- 


111,112,113,114 with the sulfur atoms in an almost 


metry 
perfect square about the metal. And secondly, they 
underwent facile reversible oxidation-reduction 
reactions?+7 without changes in coordination geometry. 
The oxidized and reduced species were found to be 
related simply by one electron transfers and.could be 
detected using polarography and voltammetry. 

Attempts to produce the bts complexes of S5C,Ph, 
With Vv «Cr, oMO.. Re, W, RU, and eee instead yielded 
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the six coordinate tris complexes which were 


Similar to the bts complexes in that they also under- 


went the facile oxidation-reduction Poaetonsthe Lareie 


Leg 


The discovery that Co[S.5C, (CN) 5] reversibly 


2 
added one mole of ligand to form the complex 

Collis 56 MONG TE a led to the interesting suggestion that 
the six coordinate cobalt complex and possibly even 
the other tris complexes could be trigonal prismatic. 
In addition doubt about the octahedral coordination 

of these complexes was raised because of the inability 
oie, 
5 


to separate Co[S.5C. (CN) 5] and Mo [S.C (CF3) 5] 


3 

intos thes raoptiicad enantiomerssac- The possibility 

of trigonal prismatic coordination was extremely 

unusual since no six coordinate molecular complexes had 
been observed with non-octahedral coordination. Trigonal 
prismatic coordination had been observed??? as early as 
1923 in the compounds Mos, and WS, and fea in NiAs. 
However these were infinitely extended lattices and 
molecular packing was believed responsible for their 
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unusual coordination. It is noteworthy that on 


the basis of "directed valence" calculations, it had 
even been predicted by Auieceenane en wes2zpethateche 
only stable six coordinate complexes were trigonal 


prismatic and octahedral, the former being preferred 


for low lying d orbitals and the latter being preferred 
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for higher energy d orbitals. In addition octahedral 
coordination would be favoured by increasing ionic 
character in the metal-ligand bonds and by the bulki- 
ness of large ligands. 

The existence of trigonal prismatic coordination 
in a molecular complex was not observed until 1965 


E26 729 


when the X-ray structure determination of 


Re [S,C, (C,H.) 5] was completed. The subsequent 


130 yes 


S 
structural determinations of Mo (SCH 
$3b, 132 


2)3 
VIS5C. (CoH.) 51, also showed trigonal prismatic 
geometry and verified that the rhenium compound 
was not an isolated example but only one of a possible 
series of trigonal prismatic structures. In all 
three compounds the metals were surrounded by six 
sulfur atoms at the corners of a trigonal prism, 
with the dithiolene ligands radiating from the metals 
in a "paddle-wheel" arrangement. There was also a 
striking similarity in the prism dimensions of the 
three compounds (Table 48). The intra- and interligand 
sulfur-sulfur distances are similar in all cases with 
the approximate values 3.06 A and, 3208 A respectively. 
The shortness of these “non-bonded” contacts Ted to 
the speculation that some sulfur-sulfur bonding 
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was involved in stabilizing the trigonal prism. 


Another remarkable feature of the three complexes was 
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the similarity in the metal-sulfur bond lengths, 


° 
averaging 2.33 A, despite the fact that the covalent 


and ionic age of vanadium differed from those 


° 
of molybdenum and rhenium by 0.07 A. This similarity 


was viewed as an added consequence of the interligand 


S-S bonding.?7* In addition the S-C distances, 


fe} 
averaging 1.69 A were found to be consistent with 


considerable double bond character as seen from a 


comparison with the S=C double bond in thiourea! ?4 


° 
a measuring 1.720 A. 


[SC (NH.,) 5] and its derivatives, 
Slight differences are, however, present in the 

three compounds which lead to distortions from the 

gH#s5)o13 and 


Mo[S.C, (CN) 4], both have approximate Cay symmetry 


idealized Day symmetry. Re[S,C, (C 


caused by twisting of the phenyl groups out of the 
ligand planes in the former and by a deviation of 
the SC, planes from the MS 
habtera hin V[S,C. (CeH.) 5] 


5 planes by 18° in the 


3 the unique ligand on the 
crystallographic two-fold differs slightly from the 
other two, however the molecule still closely 
approximates Day, symmetry. 

Comparison of the electron spin resonance and 
electronic spectra in the solid state and in sclunicne © 


confirmed that the trigonal prismatic coordination 


was also present in solution and therefore was a 
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consequence of intramolecular phenomena rather than 
intermolecular effects. It was also apparent in all 
the electronic spectra that the dominant feature was 

an intense two-band pattern in the visible region, ??/ 
the first at about 15,000 cm + (ce ~ 25000) and the 
second at about 24,000 awe Ceone W5000)ee ~Zhisi was 
believed to be characteristic of all trigonal prismatic 
dithiolenes. 

In an attempt to explain the stability of the 
trigonal prism over the octahedron, two separate 
molecular orbital treatments were presented. In 
the treatment by Schrauzer and Neceen no reason 
for the stability of the trigonal prism is obvious 
Since calculations performed on a hypothetical 


octahedral complex MS Re yielded the same orbital 


are 
ordering as the trigonal prismatic calculations. 
Also objections based on electron spin resonance 
spectra have been raiseat?? concerning the ordering 
of the highest occupied and lowest unoccupied levels 
for this scheme. The scheme by Gray et. at.,1?! 
which seems more consistent with electron spin resonance 
spectra, electronic spectra and polarographic work is 
therefore favoured in this work. Both schemes are 


discussed further in Chapter IX where a detailed 


explanation of the trigonal prism is given based on 
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Gray's molecular -orbital calculations, 
Although the neutral trts dithiolenes were found 


to be trigonal prismatic, subsequent structural deter- 
142 127 141 
oe oe 


showed coordinations which varied 


Z A 2- 
minations on VI[S,C,(CN) 51, “ 
a2 


Mo [S,C. (CN) 
and Fe [S,C, (CN) 15 
from highly distorted octahedrons for the vanadium and 
molybdenum dianions to an almost regular octahedral co- 
GEdinatronviilor cchemit ont dianions “Wnterligendtsultur— 
sulfur distances in the three were greater than for the 
neutral trigonal prisms and thus were consistent with a 
breakdown in the sulfur-sulfur bonding which had been 
proposed "o> astaistabmiging factor inether prism. In 
addition the extra electrons in the molybdenum dianion 
as compared to the neutral molybdenum complex were 
located in an orbital which was said to be anti- 
bonding in the trigonal prism? 4 thus offering an 
explanation of the deviation from the trigonal pris- 
matic coordination. The trend therefore emerged that 
the neutral tris 1,2-dithiolenes were trigonal 
prismatic whereas the dianions were octahedral or 
distorted octahedral. The reasons for the trigonal 
prismatic and octahedral coordination in these 
dithiolenes was not obvious however and little was 
published correlating the observed structures to the 


molecular orbital descriptions of either Gray or 
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Schrauzer. 
The compounds Mo (SC, Hy) 3, [(C,H_-) ,As] [Nb(S.C,H,) 3], 
and [(CH,) ,Nh lar (S,CeH,) 3], which form the subject 


matter for the remainder of this thesis, therefore 


constitute an interesting and potentially informative 
n> 
4)3 : 


M = Mo, Nb, Zr, respectively), moeities form an 


series. Firstly the M(S,C(H (Yeti Owl yee LO 
isoelectronic series so that the only differences 

are in the central metal. From a molecular orbital 
viewpoint, this means only the d orbital energies 

vary throughout the series. Hence, the effect that 
varying the central metal, and thus the metal d 
orbitals, will have on the coordination of the metals 
can be observed, and hopefully correlated to Gray's 
molecular, orbitadl, description, foratrigonal, prismatic 
geometry. Also since identical ligands ooo ae are 
involved, subtle geometry changes involving angles 

and bond lengths can be more readily compared, than 

if differing ligands are used. 

From a comparison of their electronic pects 
in Table 18 it is obvious that gross differences 
exist within the three compounds. For the molyb- 


1377144 
denum 


and niobium > complexes the spectra 
were Similar, both having absorptions which were 


believed characteristic of trigonal prismatic 
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143 2- 
of 2x (S.CeH,) 3 


however, was found to be vastly different and was 


ap 
poem ieee The spectrum 


not indicative of a trigonal prism. Thus on the 
basis of the electronic spectral results it seems 
that varying the central metal from Mo to Nb to Zr 
causes changes in the coordination, presumably 
destabilizing the trigonal prism and favouring a 
tendency towards octahedral coordination as was 
observed in Mo [SC, (CN) 9] 4— and ee wen Jee 
It was believed that a complete structural deter- 
mination of this series of trz~s 1,2=dithiolene 
complexes would prove useful in understanding further 
the factors which stabilize trigonal prismatic co- 
ordination. It was also of interest to discover 
whether the electronic spectra were reliable indi- 
cators of the coordination geometry in these compounds. 
The common 1,2-dithiol ligands and their normal 
abbreviations, which will be used in this thesis, 


are shown below. 


X = H_ dithioglyoxal 
= CN maleonitrile- 
HS X 
adithiol (mnt) 
= CoH. ets 1,2-diphenyl- 
HS X ethene-1,2-dithiol 


(sdt) 
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HS X X = H benzene-1,2-dithiol 
(bdt) 
=CH, toluene-3,4-dithiol 
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TABLE 18: ELECTRONIC SPECTRA FOR MOLYBDENUM, 


NIOBIUM, AND ZIRCONIUM BENZENE DITHIOLS "12-7 


COMPLEX COLOUR BAND MAXIMA, cm 
(earn parentheses) 


Mo (S.C Hi.) Dark Green 12500 ssh 2 (1000); 


6° 4’3 14,463 (20,900); 
22,990 (17,400). 


Bitena 17700107700) + 
= 27520013, 800): 
30,700 sh (9,120). 


[(C,H.) ,As] [Nb(S,C-H,) 3] 


PCG Hes) N],[ Zr (SCH 


oHe), 4)3) Red 20,000 sh 3(2,030).; 


So; COC Sete oy UU) ss 
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CHAPTER VI: THE CRYSTAL AND MOLECULAR STRUCTURE 
OF TRIS (BENZENE-1,2-DITHIOLATO) 


MOLYBDENUM, [Mo (S.C He) Sie 


6 4 


EXPERIMENTAL 


Dark green crystals of Mo (bdt) , Suitable for X-ray 
diffraction study, prepared by the reaction of 


molybdenum pentachloride with benzene Arenioented 


were kindly supplied by Dr. Takats and Mr. iar peewee 
Preliminary photography revealed mmm Laué symmetry, 
indicating an orthorhombic space group. The systematic 
absences as determined from Weissenberg (0k2£, 1k2; 
CuK, X-radiation) and Precession (h02%, hl&, hkO, hkl; 
MoK | A=radiation) photographs are Okie k=+ £ = 24 1 
and h0O%&: h = 2n + 1, consistent with the space groups 
Pnam and Pna2,.- Precise lattice parameters were ob- 
tained at 22°C from a least squares refinement of 
the setting angles of 12 reflections which were 
accurately centred on a Picker automatic four-circle 
diffractometer, uSing US x=radiatvon™ (\ °=—+1l2s54051 A). 
The cell parameters and their standard deviations are: 
ScaniGPoss(sy Al /piS 10. P77. Ppta andes Sciieons (aye. 
The observed density, obtained by floatation in 


aqueous zinc bromide solution, iS 1.74(2) g em > and 
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is in good agreement with the calculated value of 
een act cries obtained assuming four molecules of 
molecular weight 516.60 a.m.u. per unit cell of volume 
LID 218A aoe For space group Pna2, there are 4 general 
equivalent positions and no restrictions are possible. 
However for Pnam there are 8 general equivalent 
positions so the molecules are restricted to lie either 
on, the. mirromeplanes.onm inversionacentres.... The ~r27s 
chelate structure cannot have an inversion centre, 
hence for space group Pnam, the molecule must possess 
symmetry m. 

Intensity data were collected on the Picker 
automatic four circle diffractometer using CuK, 
MGodlatvon,-.erlLteved wien 10.0005" sehick nickel, foul 
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(in preference to a graphite monochromator anc 


using a 2° take-off angle. The crystal was aligned in 


a general orientation but with its a* axis approximately 


coincidentwith the: diffractometer “axis... The crystal 
faces were identified and the perpendicular distances 
between parallel faces of the same form were measured 
AS ait laa) plleh pe oe OO, Mae b-Al /U me ie Ooo ime 10,0, Li}, 

0. 074d, mms. A,.coupled,.29/ scan was .used with, a» 28 
Scansspeed ,Of 1h?/min -to ‘collect all retlections with 

26 < 125°. The peak scan was approximately two 


minutes (2°), increasing as the A415 resolution 
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increased. Stationary background counts of 40 secs. 
were collected on either side of the peak. Assuming 
approximate linearity of background, the intensities 
and standard deviations were calculated as shown 
previously in Chapter II. The detector was a scin- 
tillation counter and was used in conjunction with a 
pulse height analyzer tuned to accept 95% of the 
CuK. peak. Three standard reflections were collected 
automatically every 100 data reflections. In addition 
data collection was interrupted periodically to collect 
a further five standard reflections to investigate 
possible decomposition. No significant decomposition 
was observed over the duration of the data collection. 
Of the 1806 reflections collected, 1050 were signifi- 
cantly above background with I/o({l) 2 3.0... The data 
were reduced to structure factor amplitudes by 
correction for Lorentz, polarization, and absorption 
effects. Terms used in the Zachariasen Pee on 
correction were calculated at this stage. Standard 
deviations, o(F), in the structure factors were again 
computed using a "p factor" Dies. 

The linear absorption oer e te using CuK, 
radiation 125 120.67 aan | giving rise to a range of 


transmission factors between 0.5768 and 0.3099. 
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STRUCTURE SOLUTION AND REFINEMENT 


A sharpened 3-dimensional Patterson ie was 


computecabetween the Limits 0 Spas 055,740 <ovrer025, 


Os... w-s0..5..._ The_Mo=Mo-vectors..fon-_both. Pna2Z...and 


iL 
Pnam (with the molybdenum atom on the crystallographic 
M2eror) “are shown an Table 19. Its obvious that 

the two space groups cannot be distinguished in the 
Patterson on the basis of the Mo-Mo vectors alone. 
However the molybdenum position was obtained as 
follows. The most intense peak was Situated at 
(0.5007 “02.0, 0.0) ‘and was attributed*to the vector 
(1/2, 1/2-2y, 0); thus the y coordinate was obtained 
as = "0/252 The accidentally special *y’ coordinate 
leads to an ambiguity in the assignment of the next 
most intense peaks, observed at (0.325, 0.500, 0.500) 
andy (Usted ,, 02,500,970 .500)), “as: Vectors of the form 

Cl) 22x pe ley cand 2k, 2y70 yee because O1retnis 
failure to identify the true Harker line vector, two 
possible solutions for molybdenum coordinates had to 
be tested by subsequent structure factor calculations 
and least squares refinement. The solutions to be 
tested were (a) x = 0:09, y= 0.25, 2 = 0.25, 

ana (Di ee=-0516,7) 9 = 0125 anol 2 =. 0 oo. 


Tne fourth largest peak on the map, at (0.0, 0.0, 
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TABLE. 19: .HARKER VECTORS .FOR..Mo(bdt) 


3 
Pna2, Pnam (z=1/4), SPECIAL 
POSZ ELON =C™ 
VECTOR FORM WEIGHT VECTOR FORM WEIGHT 
L7 222x717 2,17 2 rd LJ 2-251 2p 4/2 2 
Pet 2a 2h 2 2 we Se Sally aoa) 2 
Li oy? e- 2, 0 2 lf2;1/ 2-270 2 
L277 i /2t2y,; 0 2 ie iy 2a 2 
Ve StS aN We 6? Hk 2x p2y yl ah 
=—2%,=2yY,1/2 1 =—2x% 7-2) piece ne 
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ge2s5iy was located at 3.04 A from the origin and was 
consistent with a build-up of S-S vectors between 
sulfur atoms related by a mirror perpendicular to z. 
Since this was the largest S-S vector, the possibility 
of the mirror bisecting the triangular faces was 
excluded and the space group was probably Pnam with 
the mirror relating the two triangular faces of the 
trigonal prism. If this were the case, then Mo-S 
vectors should be observed at w coordinates of about 
IA2025255)) = 0.15. Three vectors at. 2.3. => 2234 A 
from the origin were located with w coordinates 0.136 
and were consistent with the trigonal prismatic 
geometry. In addition three vectors were located in 
the w= 0 plane at 3.504 = 3.17 A from the origin and 
these were consistent with vectors between the sulfur 
atoms within the triangular faces. From the Mo-S 
and S-S vectors the sulfur positions were calculated 
gomeltiner. ~Siv0e Li 01s ©0238 )i oe UelOy) OU yeey soe) 
and vos (0.29,0.21,, Ov oe) COLrresponding to Mo Dost rion 
(bjeoOr Situ. 047 0. b4,  0.36)))s2(0200 70.42, 0.38) 
and S3(0.22, 0.20, 0439) “CouBesponding to Mo position 
Ca) | 

To obtain the proper x coordinates a least squares 
refinement was performed with the model based on Mo 


positions (b). This model showed no signs of successful 
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refinement and converged after two cycles to give 


R, = 0.424 and R 


1 5s= 0.516. However the model based 
On Mo coordinates (a) refined to Ry = 0.349 and 
R, = 0.435 in two cycles. Temperature factors were 


fixed in these cycles, so further refinement of the 
second model, varying the temperature factors yielded 
Ry = 0.209 and R, = 0.294 after the three cycles and 


thus the model was assumed to be correct. An outline 


ofethe sobution iand refinement tseshown “in! Table 20. 


TABLE 20: REFINEMENT OUTLINE 


Model Ri R, 

(1) Mo and S atoms based on Mo 0.424 O25. 16 
CCGrdiInates LU. Lo, 0.25, 0625) 

(2) Mo and S atoms based on Mo 0.349 02435 
coordinates |.(0 209 7022570225) 

(3) Mo and S atoms of model (2) - Ow2 0S 0.294 
varying temperature factors 

(4)> Mo, 6; and CC atoms: “isotropic, B's 0.079 0.086 

(5) Absorption Correction 0.065 0.075 

(6) Mo and S atoms anisotropic 0.050 07062 

(7) H positions added 0.046 O.051 

(8) Extinction Serreeticnae, 0.042 05042 

(9) Carbon atoms anisotropic O2035 05034 


Structure factors were calculated using the atomic 


scattering factors of the neutral atoms for molybdenum, 
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sulfur and carbon compiled by Cromer and Manniee The 
scattering factors for hydrogen were those of Stewart, 


Davidson and So osarhne” In addition anomalous dis- 


persion corrections, ’° both real and imaginary, were 
applied to the molybdenum and sulfur scattering factors 
facie > $0. 54ymbf legs 2689,/°S! = OeBlghaty Sq0168y4 
The carbon atoms were located from an electron 
density difference map phased on model (3). Aniso- 
tropic temperature factors for the different groups of 
atoms were introduced, as indicated by features in 
electron density difference maps, and can be justified, 
at the 0.005 significance level, by the subsequent 
applLicakionsofauanal tontseRelactornratio feste z In 
the difference map, phased on model (6), the hydrogen 
atoms were visible so they were included in subsequent 
refinements, their positions calculated from the known 
geometry and orientation of the benzene rings, and 
using a C-H distance of 1.0 A. The hydrogen atoms 
were assigned thermal parameters approximately 153% 
higher than those of the attached carbon atoms. 
Although they were included in the structure factor 
calculations, their parameters were not refined. 


a: were applied since 


Extinction corrections’ 
comparison of per and ee for low angle reflections 


suggested the problem may exist. Verification of the 
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importance of the extinction correction is evident in 

the results of the refinements before and after this 

correction. Before the correction, all reflections 

except one with sin 6/id £ 0.084 were rejected from the 

refinement on the basis that |“F/o (F) | Sere Oe evant Tiel 

cases | She | was less than | ie | for these reflections. 

After the extinction correction, only one of these 

reflections previously rejected was still rejected 

from the refinement. The final refined value of 

ChieteseEinction scale reactor, C, 1S 2.371 1 Ome. 
Anomalous features in the thermal parameters 

(vide tnfra) suggested that the scattering factors 

could be inadequate. Several refinements were attempted 


using various alternative scattering factors IMo (rw 


Upon os a but no better agreement in R factor 
and no more reasonable thermal parameters were obtained. 
Thus the results from the original refinement are 
reported. 


Programmes used in solution, refinement and 


presentation of data are listed in Appendix 2. 


90 


tts aban od < ) te ohne id: dsia selia, . 


.enoitosites saede tot | 7 | netd aeol esw | ot} pees | 
saedt to eno ylno .nolssex100 noksonisxo) silt 10934 
hosnetss Ifise eaw betpetes avolverg enotzeeltex 


uy 


to sufsv boaltex Lett? ef? -tnomeniies edd moxt 
or x ive.9 eb \D ,x0d0s? efsse! noldonisxs ent 


atejamsisq LSemsods eft ab eeivsnet avolsmonA ~~ 
erxoton? piitettsor etd Jott beteeppye (sett wba) 
oY ow ateomeniiex tsxeveé .stsupsbsni od binoo 


EL (yr) on) e2i03062 pnitsd2e0e evissazetia esol patev 


soineh 4 ni Inommpapn sedsedion dud (** Be Oe! (rv) om 


.beniagde ezew eretemsiteq Lenrectt sidsnomsst stom on bns . 


exe tnementhes (akipiao eft mox3 etiveer odd) suit 
bos themonites ,sotsvlom ni beau sasmexpord ) '” 
_s xibwoqga nb Begmbl ets Bish 20 nolveinseesq 

- Prensa 


tha asd eo gb | 


91 


RESULTS 


The observed and calculated structure factor 
amplitudes, et and bee are shown in Table 21. The 
final fractional coordinates of all atoms and their 
isotropic temperature factors are shown in Table 22, 
their standard deviations being obtained from the 
inverse matrix of the final least squares analysis. 
The anisotropic thermal parameters’© eae! @ ia ar: 
anisotropic atoms are shown in Table 23. Relevant 
intramolecular bond lengths are shown in Table 24 
and the intramolecular angles in Table 25. Inter- 
molecular contacts which are close to the predicted 
van der Waals separations??? are listed in Table 26. 
These bond lengths, intermolecular contacts and 
bond angles, along with their standard deviations 
were obtained from ORFFE (See Appendix 2). Several 
least squares plane calculations are shown in Table 
27, along with the deviations of the atoms from the 
planes. In addition, Table 28 shows the dihedral 
angles between selected planes. 

In the three dimensional drawings of the molecule, 
50% probability thermal ellipsoids are shown for 
molybdenum and sulfur atoms. For the carbon atoms 


artificially low isotropic thermal parameters were used 
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for clarity of the diagram. Similarly the hydrogen 
atoms were excluded from the plot for clarity. The 
hydrogen atoms are numbered from Hl to H6 and are 
bonded sequentially to the second and third carbon 
atoms in the rings... In’ thespacking diagram “in Fig. “13, 
the open bonds represent molecules at z = 0.25 whereas 


the dark bonds represent molecules at z = 0.75. 
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TABLE 21: OBSERVED AND CALCULATED STRUCTURE 


FACTOR AMPLITUDES (ELECTRONS X 10) 
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These values are equivalent isotropic temperature Factors — 


corresponding to the anisotropic thermal parameters shown 


in Table 23% 
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TABLE 24: INTRAMOLECULAR CONTACTS (A) 


ATOMS DISTANCE (A) ATOMS DISTANCE (A) 
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TABLE 27: LEAST SQUARES PLANE CALCULATIONS® 


ATOMS DEFINING PLANE: SO eos 


EQUATION OF PLANE: §-0.6913X% 4.0. 72257 
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TABLE 26 (Continued) 


(G) ATOMS DEFINING PLANE: Spee CA oct ew Cae Ost. 
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TABLE 28: DIHEDRAL ANGLES BETWEEN SELECTED 


ATOMS IN PLANE 1 


Si,Mo, 54." 
Si,Mo, si! 
S2,Mo,o2. 
Sl Moos 
S2,Mo,S2° 


S3,Mo, S33. 


ATOMS IN PLANE 2 


C25NO oe. 
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Fig.) 9%) AnPERSPECTIVE: VIEW: OF Mo (S.C Hy) 3- 


DESCRIPTION OF STRUCTURE 


A 3-dimensional view of Mo (bdt) , is shown in 
Fig. 9. The sulfur atoms surround the molybdenum in an 
almost “perfect trigonal “prismatic "coordination with 
the dithiolene ligands radiating from the molybdenum 
atom in a "paddle-wheel" arrangement. The molecule 


deviates from approximate D symmetry due to the 


3h 


bending of the (SCH, } planes from the MoS, planes 


by an average Of 21.4". In addition Can symmetry is 


not achieved due to the three differing (S,C,H,) /Mos,, 


dihedral angles (Fig. 12). The molybdenum atom is 
located” on the crystal lograpiic mirror at z= 31/47 
with the two triangular faces of the prism being 
related by the mirror. 

Again, as was the case for the three previous 


trigonal prismatic structures, Relaschens ee 
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Mo (S.C and V(SC5Ph,) 3, the intra- and 


pes 
interligand sulfur-sulfur distances are approximately 
equal (3.110 A andy os .09L A respectively in the present 
study). These agree favourably with those observed 

in other prisms and are especially close to those in 
Mo (S.C5H,) , (Tabie”~ 48)" It° is “interesting that’ the 


relative magnitudes of these intra- and interligand 


S-S distances are reversed to those in the other three 
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dithiolene trigonal prisms, with the intraligand S-S 
distances being greater in the present study. This 

can be attributed to the constraint of the fixed ligand 
bite holding the intraligand sulfurs apart. That the 
ligand bite should be greater in the benzene dithiols 
than in the ethylene dithiols is apparent since the 

C-C distances in the former are longer, thereby ensuring 
a Targer bite. This was also observed in the.trigonal 


152 


prismatic molecule Mo [Se,C. (CF ]5, which also 


3) 2 
has intraligand Se-Se distances which exceed the inter- 
ligand values (3.3175) A and "3, 2223) A respectively]. 

The mean Mo-S distance (2.367 A), although similar 
to the metal-sulfur distance in other trigonal prisms, 
is significantly longer than their average of approxi- 
mately 2.33 A. In fact they are more closely matched 
by the metal-sulfur distances in the non-trigonal 


ey and Mo (mnt) $7 141 


prismatic species V (mnt) 3 
(Table 48). This difference is again probably due 

to the difference in ligands, all previous examples 
being substituted ethylene dithiol ligands. For this 
reason a rigid comparison of intramolecular distances 
and angles will prove more worthwhile within the series 
of compounds which are the topic of part of this 
thesis -1%.e.", Mo (bdt) 3, [Ph,As] [Nb(bdt) ,], and 


CGH N], [2r (bdt) 3]. In addition the molybdenum- 
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Fig. 11: DITHIOLATO AND DITHIOKETONIC LIMITING 


FORMULATIONS FOR THE "bdt" LIGAND. 
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sulfur distances are again shorter than those observed 


in the 1,l-dithiolato complexes, Fe[S,CN(n-C4Hg)5]4,° 
154 55 

Ru[S,CN(C5H.) 5], Cr[S,P(CH,)5]3, and 

VS, BAGCSE Aad trond although the molybdenum covalent 


radius is greater than any of these metal eddie 


Thus a difference in the metal-sulfur bonding between the 
1,l-dithiolato and 1,2-dithiolene complexes is obvious 
with the latter having a greater amount of M-S bonding. 
This is in agreement with the proposed metal-sulfur 
multiple bonding in the Era! Sdn erionte nds he 
The sulfur-carbon distances (mean lS 7277 A) are 
Similar to those in the other trigonal prisms and 
are once again consistent with a great deal of S=C 


double bond character, as witnessed by their similarity 


with the double bonded S=C distance of 1.72 a an 
134 Las 


thiourea [SC (NH,) 5] andMits-" derivatives. The 
mean carbon-carbon distance (1.393 A) Poe SIMA” CO 

that observed in benzene? (393 A) and in several 
di-substituted benzene compounds.” However in the 


benzene dithiol ligands in this structure there is 
alsigmiticantyw@angetorec-C-dastanees™{Faigs7 10) .> in 
addition, these distances are consistent witha 
tendency towards the dithioketonic limit (Fig. 11). 
However caution must be used since the dithioketonic 


limit will not be attained due to other resonance 
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structures, so only a trend towards this limit is 
noted. Also due to increasing thermal motion of the 
carbon atoms as the distance from the central atom (Mo) 


increases, the bonds will appear shorter due to libration 


of the rings. Thus the shortening of Cp - Co 
(Fig. 10) could be partly attributed to thermal motion. 
However thermal motion of this type cannot cause bond 


' 
lengthening, so the longer C, - Cr bond remains as 


A 
good evidence of the tendency of the ligand towards 

its oxidized formulation. At this point it 1s con- 
venient to note that the thermal parameters in this 

and similar structures all show an anomalous feature. 

In molecules of this type it would appear reasonable 

to expect that the general trend of thermal amplitudes 
increases steadily as one progresses outward from the 
centre of gravity of the molecule. This assumes that 
the thermal motion is dominated by rigid body motion. 
However the sulfur atoms have larger thermal parameters 
than their attached carbon atoms. This observation, 
which appears to be very general for sulfur donor 
ligands, suggests either the unsuitability of the 
scattering factors used, or large vibration of the 

core of the molecule. This feature precludes any 
attempt at correction of these bond lengths for thermal - 


motion and hence severely restricts the discussion 
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Figs 126 “ViEW OF Mo (S.C ¢H,) 3 DOWN THE CRYSTALLOGRAPHIC 


e AXIS. 
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of the ligand geometry with respect to the pattern 
of carbon-carbon bond lengths. A more complete view 
of the ligand in its reduced and oxidized formulation 


is presented in Chapter IX, based on molecular orbital 


calculations performed by Birss and Das Gupear 22 


The mean S-M-S angle involving trans sulfur atoms 


is 136°959r° in othe known™trigonal prismatic struc- 
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tures, and assuming the constraint of ligand 


bite, has been ébileulatéea>?? aS approximately 173° 


in octahedral coordination. The mean value of 135.70° 

observed in Mo (bdt) 3 is clearly consistent with 

trigonal “prismatic” coordination. “The intra—"and 

interligand*+S=Mo-S"angles*(82012°"and°81.53°)*are 

Similar, as expected, and again agree with those 

found in other trigonal prismatic Prruemutes) gage 00 
As mentioned, the molecule deviates from Dan 

symmetry due to the bend of the ligand planes from 

the respective S-Mo-S planes, as shown in Fig. 12, 

in which the molecule is viewed directly down the 

crystallographic ec axis and approximate molecular 

three-fold axis. Similar bending of the ligand planes 


was observed in Mo(S,C,H,)4 °°" and@=alsolCin 


Mo (Se,C. (CF pe where the ligand planes deviate 


3)2)3" 
from the Mos , and MoSe., planes by 18° and 18.6° 


respectively. Although these deviations are uniform 
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in these previous two examples, the molecules both 
having 3/m symmetry, they are irregular for Mo (bdt) 3 


with the ligand/MoS. dihedral angles being 13.1°, 


% 
21. Ll? and  30.0>" (mean. 2). 4°)". Selyresuwasee has 
attributed this as being due to intramolecular effects, 
saying that the sulfur may be in a state between 
sp- and sp> hybridization, with possible added 
stabilization from packing forces. However from the 
Structure of Mo (bdt) 3 it is obvious that packing forces 
contribute significantly, as witnessed by the wide 
range in dihedral angles observed. Table 26 shows 
that several intermolecular contacts are comparable 


to the predicted van der Waals dontaets>~ (Predicted 


valties;5-.4C, GAMLA-oG---S/63.70 Ay tome HA 4.05 A; 
Gens 3570 A Caen 3405 AP He--H, 2.140 A)\ Thus 
packing is very efficient and will probably be 
important in the bending of the ligand planes. A 
packing diagram, viewed down the ec axis is shown in 
Fig. 13. The efficientepackingsis, obvious ircomethis 
diagram with the molecules packing in a gear-wheel 
arrangement. 

AS shown in Table 23, a f£urther indication of the 
regularity of the prism is given by the similarity of 
the angles between the three MoS 5 planes, all being 


close to the expected value of 120°. The two tri- 
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Fig. 13: PACKING DIAGRAM FOR Mo(S.C-H,) PROJECTED 
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3° 


ON THE ab PLANE. 
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angular faces of the prism are also almost exactly 
parallel. 

The Mo-S-C angles (mean 106.2°) are similar to 
the values of 109(1)° and 109.9(4)° observed in 


Re (S,C5Ph,) 4 Anca. (oe Ph.) however they are signifi- 


ore Si 
cantly smaller, again probably due to differences in the 
bigends. » The “s-C-C” angles (mean J19.4°) are in 
gO0d “agreement with the value of 120°. Similarly all 


C-C-C angles within the benzene rings are close to 


their expected value of 120°. 
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CHAPTER VII: THE, CRYSTAL AND MOLECULAR STRUCTURE 
OF TETRAPHENYLARSONIUM TRIS (BENZENE- 


1,2-DITHIOLATO) NIOBIUM, ([(C¢H.) ,As] [Nb(S,C¢H,)]) 


EXPERIMENTAL 


Dark purple crystals suitable for single crystal 
X-ray diffraction study, prepared by the reaction of 
sodium cyclopentadienide with benzene dithiol and 


subsequent reaction with Nb[N(CH and crystalliza- 


3) 2/5 
tion with tetraphenylarsonium Cileride; were kindly 
supplied by Dr. Takats and Mr. Martin. Preliminary 
photography indicated 2/m Laue symmetry consistent 

with a monoclinic space group. Systematic absences, 

as determined by Weissenberg (h02, hl; CuK, X-radiation) 
and Precession photographs (0k2£, 1k, hk0O, hkl; 

MoK . x=radiation), are OkO: k = 2n + 2: and HOLL: 

h + 2 = 2n + 1 indicating the non-standard space 

group P2,/n, which was retained because of the con- 
venient g angle. The cell parameters, obtained at 

22°C from a least squares analysis of the setting 

angles of 12 reflections, which were centred accurately 
On a Picker automatic four circle datiractometer, 

using tt ee X-radiation (A = 1.54051 A), are: 
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B 92.09(2)°. The observed density, obtained by 
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fioatation in aqueous zinc bromide solution, is 1.52(2) 
g cm7 > and is in reasonable agreement with the 
theoretical value of 1.54 g cm”? calculated assuming 
four molecules with formula weight 896.94 a.m.u. per 
unsbece ll cofevobume 3367102 Pa 

Intensity data were collected on the Picker auto- 
Matic diffractometer, using CuK | X-radiation, filtered 
using yO2000Sh Chick eNa) foal, and using a 2° take-off 
angle. The crystal was aligned in a general orien- 
tation<but with its £* axis approximately -coincident 
with the ¢ axis of the instrument. Crystal faces 
were identified and perpendicular distances between 
faces of the same form were measured as: {1,0,0}, 
0.206 mm; {2,1,0}, 0.206 mm; {2,1,0}, 0.206 mm; 
Gi,.071 by Os U5.5 cm Eh OA! i, 2051975 grime 

In the data collection a coupled 26/w scan was 
used with a 26 scan speed of 1°/min to collect all 
reflections with 260 < 115°. The peak scan was 2° 
(2 min) for low angle reflections but increased with 


increasing 260 due to compensation for a separation. 


oe. 
Background counts were measured for 20 seconds at the 
limits of the two theta scan. The scattered X-rays 
were detected by a scintillation counter used in 


conjunction with a pulse height analyzer tuned to 


accept 95% of the Cuk | peak. Three standard reflections 
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were collected automatically every 100 data reflections. 
Another five standard reflections were collected manu- 
ally every 10 hours to detect more precisely decom- 
position and crystal centering errors. No significant 
decomposition was observed but small fluctuations 
(2°14), due®to "an Gnstability of the Goniometer head, 
were detected. These fluctuations were not regular 
and corrections were not made. 

Of the 5862 unique reflections collected, 3604 
were considered as significantly above background 
using the criterion I/o(I) 2 3.0. The data were reduced 
to structure. factor amplitudes by correction for Lorentz, 
polarization and absorption effects. For CuK. Pe 
radiation, the linear absorption coefficient®° is 
68.42 cone which yielded a range of transmission factors 
of 0.4359 to 0.3128. Standard deviations were 
estimated using a "p factor" of 0.03 as outlined in 
Chapter II.” Terms used in the Zachariasen!*® extinction 


correction were calculated at this stage. 
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STRUCTURE SOLUTION AND REFINEMENT 


A sharpened’ © Patterson was calculated between 
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The general positions for space groups P2,/n are: 

SPY Zr, Ve 2c 1/2 + x, 172 = yy 1/2) gs and 

Lf 2 9st, ie FV, 1/2 — 2. For cne niobium [coordinates 
(X45 Yy0 Z,)] and one arsenic atom [coordinates (Xo, 
Yor Z5)] per general position, the major peaks in 


the map can be assigned as shown in Table 29. 


A brief outline of the refinement is shown in 


Table 30. 
TABLE 30: REFINEMENT OUTLINE 
MODEL RJ Ro 

(1) Nb and As positions, Bs fixed 0. 421 UU. 
(2) Nb, As, and S positions, iso- 

Crop 66s O20 05359 
(BIAMNDLMAS:, Siwaeh aAsotroprc (Bs, 

benzene rings as rigid bodies 0.076 0.087 
(4)> “Absorption. and Eceinetion 0.064 OF 072 
(5) Nb, S, and As anisotropic 0,056 0.065 
(6) Nb; S, and AS anisotropic, lagand 

carbons individual isotropic, 

H atoms and benzene rings on 

arsenic as rigid bodies 0.049 Oe0 5d 


C7)® Model ™(6)2 but with -anisotropie 
dithiolene carbons 0.047 0.048 
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Structure factors were calculated using the 
atomic scattering factors for the neutral atoms for 
niobium, arsenic, sulfur, and carbon as tabulated by 
Cromer and fan The scattering factors for 
hydrogen were those of Stewart, Davidson and simpson.+?” 
In addition, anomalous dispersion eerrections ” were 
applied to the niobium, arsenic and sulfur scat- 
tering factors ee Sis sicy eed = 2.68, ok = ere, 

A A 


oe OS ey fo = 0.58). Features 


A " —_— 
fxs =a eld, S 


Surrounding the Nb, As and S atoms in the electron 
density difference map suggested the anisotropic 
refinement, and the validity was verified by a 
Hamilton's R Test” at the 0.005 significance level. 
Initially the benzene rings were refined as 
rigid bodies constrained to their well known geometry. 
In model (6) the carbon atoms of the benzene dithiol 
ligands were refined individually with isotropic 
temperature factors, and the phenyl groups on the 
arsenic atoms were refined as rigid bodies. The 
hydrogen positions were calculated from the geometry 
and orientation of the benzene rings and were also 
added as rigid bodies, using a C-Hedistance of 91.0 a 
The hydrogen rigid bodies were not refined however. 
The final model was refined with anisotropic tem- 


perature factors on the carbon atoms of the dithiolene 
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ligands. This was again justified by a Hamilton's 
R Test!” at the 0.005 significance level. 

In the final least squares refinement, 284 
parameters were varied, and the standard deviation 
in an observation of unit weight was 1.641. The final 
value of the refined extinction parameter, C, was 


Ging Bee one. 


RESULTS 


Observed and calculated structure factor ampli— 
tudes, | and Fol, are shown in Table 3l. The 
banal fractional scoordinates and Tso0tropic Bs of 
all atoms are shown in Table 32. Standard deviations 
were obtained from the inverse matrix of the final 
least squares analysis. Table 33 shows the aniso- 
tropic thermal parameters ee ier ee ee 
contacts and angles, shown in Tables 34 and 35, were 
obtained with their standard deviations from ORFFE. 
Inter-ionic contacts (also obtained from ORFFE) are 
shown in Table 36. Selected least squares planes are 
Given in Table 3/. in Table 33, the’ dinedral anglés 
between some selected planes are shown. 


In Fig. 14 a three-dimensional view of the Nb (bat) 5 


anion is shown. Fig. 16 shows the anion and the 
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(GpHz) As, cation together, viewed down the crystal- 
lographic b axis. The numbering scheme is shown 

in both diagrams. For the carbon atoms in the phenyl 
groups, the first number designates the ring number 
and the second number is the sequence of the atom in 
the ring. The carbon atoms are numbered sequentially 
and for the phenyl groups inthe cation the first 
atom in the numbering scheme is always bonded to the 
arsenic atom. The hydrogen atoms are not shown but 
are numbered from Hl to H32 and are bonded, four on 
each dithiolene ligand and five on each phenyl group, 
sequentially from Cl2 to C75. 

In the three dimensional representations the 
niobium, sulfur and arsenic atoms are shown with 50% 
probability thermal ellipsoids. The carbon atoms are 
shown, however, with artificially low isotropic 


thermal parameters, for clarity. 
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FACTOR AMPLITUDES 
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OBSERVED AND CALCULATED STRUCTURE 


FOBS 
225 
425 

1304 
436 
361 

1648 
460 
701 
798 
611 
482 
504 
94c 
799 
978 
743 
388 

1021 
CM ho) 
933 
ide | 
626 
246 
358 
231 
705 
199 

1675 

1103 
s71 
341 
239 

1375 

2539 
308 
699 
353 

1034 
Si7t 
617 
853 
297 
501 
950 
380 
S32 
218 

1225 

1123 
s09 
929 
321 
902 
485 
848 
619 
352 

1005 
651 
eK.) 
383 
570 
738 
261 
633 
© Ae 
739 
597 

1301 

832 
658 

1385 

2691 
689 

1235 
660 

796 
218 
1095 
414 
307 
958 


DANN VAYAN NN NY NVNNNVNANN NN AAABWAAAPAAAAAAHDAAAAKDANKUHUHUVUNUNUNUUNUHUNUUNUUUUNNKHUUNUN FP HFK HK KHER PHRF KE RK HKE KET 


(ELECTRONS X 10) 


t FOBS FCAL 
6 261 254 
8 4686 $18 
8 254 240 
8) 1870 1537 
Siescr, 287 
S125 3ee site 
8 1567 1593 
8 1366 1422 
6 1166 1158 
8 542 $10 
8 298 326 
6 1257 1296 
8 220 229° 
8 712 709 
827s 242 
8 79S 760 
68 30C 318 
9 769 814 
9 40a 401 
9 604 595 
9 1045 1046 
9 319 366 
9 399 338 
Sul2c4e 12s 
9 911 956 
9 845 845 
9 1517 \150€ 
9 351 3s5 
9 289 289 
9 901 885 
9 236 ees 
9 210 200 
1c 485 549 
10 332 326 
10 603 608 
10 998 1051 
Meh 7h 765 
10\ 675: we 
10 1381 1376 
10 é53 660 
10 835 798 
10 823 801 
10 762 7S1 
10 ags 451 
it 231 212 
Lest 876 
11 497 477 
11 p9ss9 374 
11 599 542 
li sos S76 
11 754 611 
il 6264 270 
11 483 4ags 
12 289 311 
12) 726¢C 304 
12 962 1020 
12 221 1S7 
12 866 925 
ee 362 356 
L2rees 1048 
12 266 197 
12 340 345 
13 s90 603 
is Sse 633 
13 226 248 
13 203 159 
13 $49 591 
137 638 643 
13 430 438 
14 = fe IT 268 
14 215 2368 
i4 618 622 
eek = 1*ee% 
(9) 199 12¢ 
© S¢é6 s7c 
o 225 197 
c €21 62T 
fo) 277 257 
0 1167 1199 
Oo 241 244 
¢ 480 467 


Foss 
186 
332 
S06 
698 
714 

1381 

1944 
89S 

3003 
229 
249 

3070 
691 

1994 

1366 
728 
70s 
sos 
319 
222 
485 

235 
1176 
305 
653 
519 
198 
333 
223 
398 
1257 
293 
253 
66S 
276 
s70o 
1367 
1061 
395 
$62 
220 
8S6 
473 
334 
1299 
ts 735 
428 
2029 
653 
1085 
174 
1885S 
299 
869 
1626 
1062 
479 
289 
923 
658 
305 
861 
243 
1144 
228 
255 
309 
293 
302 
305 
as7 
477 
6906 
3985 
Sli 
545 
215 
1793 
700 
5486 
1iS7 


NNNN NN NAN NAD AND Of oe oe be oe Oe me be me be te bt bt tee to me oot et ee tt oe oe ee ee ee ee et eh rr OO ODOAOO0000 9gNOoONnoegonaoaa0Moaa0aa0oeaX0fr 


ic 


PPP rRP eRe RPePRPRPrERP RP RPRPW WWW esses Wsue Wns Undo vduUuvsl WWUdnnnnnnnnnnnnnnnnnnNnNnnner 


FoBS 
a74 
1266 
1583 
940 
Sir 
600 
2044 
231 
566 
263 
695 
264 
642 
963 
769 
ee. 
188 
6@1 
S61 
705 
422 
493 
206 
408 
1127 
253 
365 
439 
S75 
358 
260 
398 
184 
831 
850 
923 
216 
Tess 
256 
1281 
285 
7c9 
1214 
1869 
2907 
2163 
288 
ane 
1000 
314 
sco 
1737 
329 
958 
633 
695 
S10 
404 
266 
asa 
T67 
302 
303 
414 
293 
269 
280 
312 
803 
289 
469 
784 
= ty da | 
207 
647 
1256 
1243 
164 
4a6 
66s 
148 


FCAL 
465 
1145 
1514 
903 
370 
622 
2137 
256 
$61 
266 
942 
287 
671 
1002 
62c 
214 
132 
678 
s78 
wares 
382 
497 
143 
380 
1139 
265 
318 
438 
537 
=} 
264 
380 
84 
787 
826 
91C 
201 
706 
284 
Lis2 
262 
671 
1196 
1518 
2826 
2226 
317 
260 
1061 
333 
s28a 
i795 
312 
9S2 
625 
T19 
$28 
413 
208 
462 
768 
a1S 
252 
438 
268 
250 
257 
280 
825 
27¢ 
276 
796 
365 
232 
624 
1238 
1206 
120 
4ao 
856 
127 


EZ 


> 
: ry : a 


sense ssaHHHGEEiat ten astenn BRB tho 


a awh 


uname aa $d j,dhi-tos Isshonatsceudenektes aerate ‘ 


on rEE2E genacugantgiiiignescasesaats 
ee aie ao emaanentitieice 


aatt 


$5b “ papstebliiiSap set any terceadttissist bens ssTstEbeScdsbtower ote 


seenee Sees a eee seen seerseuesseuasneetsenessnasansesaee se ee ee ee 


OgsrEeneatecesscaciecetifvgedssactenasicepanssiessit specersigsilgiaesiees 
apuaanneldanecnstsEboenifnsctapecansesiienennereenenassennsbenabsRengaegE 
seliscel 


| ihe orn a a 
isvasifin sukceurcess iapdazenceseeia er eee si rs 


oe 
bi nna 


ci bdsowcusner ePiSsezssetcsase ft oeeees TE TT ETS OTT Lt ee ede ee 


ee ee 2 el wei seewuuvoae Veev 


iit 
agiiteavitti stistattssiciaaii SESE SE EREREEREEEEESESUSESES SES ESS ea a NOME RS eaouESE SE 


. 


Table 31 (continued) 


La] 


L 


eeK = 


ASPHAHAASFAHAAAAAHAAAMAAAADAAHKAAMAAHUVAMUVUMAKRAAUMAAHAGTUVUHUAHHHANVAKHAHUNHKRAKAK ES PRP KER EHREE a ee 


FOES FCAL 
1eses 
S$S7 sas 
1372) «1341 
250 224 
1212 1245 
1786 1820 
1503 M-rde) 
397 386 
516 s09 
1019 1063 
190 198 
$86 1011 
716 719 
252 260 
2ca 204 
625 647 
272 264 
310 253 
222 256 
sco soc 
871 863 
209 226é 
666 677 
367 Fare 
424 460 
795 778 
308 262 
335 306 
298 228 
741 723 
362 361 
642 600 
479 a7o 
Wal 1077 
1341 1271 
LS 7 167 
913 882 
1209 1222 
316 295 
1543 1546 
318 297 
961 993 
675 652 
1281 1276 
20¢C 2030 
e97 939 
344 312 
S22 S69 
316 320 
447 450 
704 696 
530 562 
287 239 
427 422 
321 322 
211 198 
1144 1132 
343 344 
1076 1071 
Sigh} 253 
a47 792 
387 257 
843 825 
B46 776 
682 649 
2036 1924 
357 318 
7c3 649 
486 464 
497 544 
483 499 
470 476 
427 415 
410 403 
acé 411 
1072 1095 
347 328 
740 767 
286 ray de.) 
533 566 
834 661 
716 7T4ac 


H 
14 
17 
16 
make} 
22 

=o 
“19 
=15 
-14 
-13 
~11 
Ka] 
=o 
-7 
-6 
=5 


ot 
NK OBDOMBNMN FUNK O 


— me 
NU eo WwW 


ft 
fo} 


“18 


‘ ‘ 
- ~ 
) w 


' i) 4 
4 tlt ~ “e 
aoonwa nN Po 


ot 
ru 


em ftinteet 
BNnTNPUNDIONAWFUWUNRKN YW 


COODDDODODODODODODODPOTMPMHMHMHOMRMHHMHOHMHOHOHOAMAMAMDMHDAMDVNNVNNNANVNVNANVNNNNANVANNN ANN NNN NNN OOO T OL 


~ 
- 
~ 
15) 


t FOBS FCAL 
9 367 403 
9 449 46s 
9 934 965 
9 344 3c8 
9 719 722 
9 a2S7 251 
9 465 447 
9 ) 328 353 
10 228 19¢ 
1¢ 318 298 
10 S67 €36 
1c 2c9 233 
10 475 463 
10 275 z&7 
TO Scie 694 
10 385 385 
16 415 397 
lie) 469 286 
10 536 S27 
10 1022 1021 
10 299 199 
10 361 ch 
10 226 Zale 
10 $93 S6C 
10 982 cé2 
10 370 379 
10 387 37S 
10 =326 282 
lt 231 227 
By 79 760 
11 530 596 
11 «493 545 
11 $39 s9e 
11 220 218 
M1 427 467 
11 690 725 
11 361 403 
1 g274° gant 
11 317 294 
11 230¢c 219 
11 .382 364 
11 237 263 
11 992 967 
11 sa4 $51 
11 4c2 362 
il 229 136 
al 614 627 
12 203 233 
12 aco 413 
12 $63 584 
12 484 Sil 
12 #391 398 
12 364 428 
12 312 295 
M2) gates 381 
12 463 451 
12 294 255 
12 8cO 802 
12 546 so9 
le 279 272 
13 €13 656 
1= 253 292 
13 212 265 
13 498 526 
1] $57 sé0 
We eh} 313 
13 SS 359 
13 625 624 
13 275 281 
13 354 325 
13 456 438 
14 342 374 
14 €94 688 
eeK = 2eee2 

Cc 321 291 
to] 553) 539 
o 375 40o 
c 345 347 
0 545 $49 
Oo 617 603 
ce) 685 699 


— 
"-O9OODNAN FUNK ODO 


NO me mee ee oe 
OOBNNPFUN 


NN 
ares 


-24 


1 
N 
~ 


(eb it 
— i a 
nono 


ND = me pe me ee ee et ee 
COBVNAFUNKOKDVBDVANPUNKO 


NNN 
PN 


-24 


ee! 
nn 
- nN 


Jel ea 
eo 
On@ 


NNNNND Nee eee ee New OODDONDODOVDINDAOOXI00ODOGNDO000000NTOODOF 


FOSBS 
1290 
978 
471 
1501 
533 
1617 
S02 
1144 
644 
1705 
1492 
1043 
265 
2940 
254 
1026 
1514 
1676 
e78 
1161 
sos 
1599 
s38 
1487 
457 
947 
1270 
672 
595 
$29 
316 
387 
508 
282 
389 
638 
326 
556 
$89 
$20 
1330 
692 
708s 
484 
1625 
381 
726 
248 
1704 
1340 
1706 
1168 
2069 
2355 
269 
3026 
1506 
7il 
1432 
690 
842 
$43 
1334 
1477 
mae ea 
462 
946 
729 
477 
424 
321 
395 
592 
217 
243 
Sai, 
244 
536 
S57 
225 
$82 


FCAL 
1294 
985 
460 
1478 
S8i 
1622 
2e7 
1179 
872 
1676 
1508 
1033 
262 
2998 
282 
1033 
1508 
1676 
672 
1179 
467 
1622 
§61 
1478 
460 
9es 
1294 
699 
603 
549 
347 
aco 
£39 
291 
a42 
664 
332 
580 
S76 
510 
1355 
6S2 
697 
515 
1594 
365 
7286 
241 
1625 
1z60 
1633 
1114 
20860 
264 
342 
3179 
1550 
758 
14868 
wie 
885 
$73 
1393 
1476 
244 
ag98 
961 
763 
447 
4268 
360 
377 
$81 
165 
231 
364 
234 
$28 
5860 
166 
$66 


1 
AT 


18 


4 
~ 
a 


t 


mili 


ead 
bes nthe i 
NE FOVYVAN PUNK OM EFAVOOH 


ee 
NeW 


Le 
- Oo 


—-— 
NRK OODBNOANFUNK O 


13 


~ 
& 


17 


0 


wie 


NN 
rw 


So 
ee 
ies} 
-20 
=e 
ie 
= te 
=e 
=t2 
-12 
Wp | 
-1c 

-9 


SER eRP RR ERP RPO RPUUUWUW WU dvds nen dU WUdd WW WWNNNNNNNNNNNNNNNNNNNDNNNADNNNAN YD nr 


Foes 
asi 
190 
€70 
492 
1096 
1593 
= be}iy ¢ 
oes 
871 
1961 
2767 
123 
444 
294 
426 
1270 
$98 
863 
985 
611 
2114 
557 
258 
454 
$02 
383 
84a5 
s74 
288 
614 
314 
330 
250 
483 
eb YI 
236 
B57 
c76 
270 
wa. S 
1504 
1545 
880 
2cs 
2231 
1107 
1970 
S36 
B77 
863 
339 
745 
605 
227 
aaa 
131e 
1466 
200 
54c 
14279 
1292 
375 
940 
543 
340 
249 
351 
328 
277 
232 
539 
S24 
22¢c 
410 
523 
601 
944 
312 
983 
1498 
201 


FCAL 
466 
204 
659 
$93 

1083 

1568 
341 
98C 
905 

1797 

2514 

1062 
465 
341 
466 

1S74 
665 
993 

1040 
604 

2174 
$48 
263 
474 
Sis 

405 
889 
s79 
arr 
666 
354 
365 
22¢ 
so02 
336 
264 
B74 
937 
2490 
690 

1452 

1393 
872 
224 

2045 

104¢ 

1862 
$28 
874 
882 
356 
79S 
649 
255 
458 

137s 

1491 
174 
s20 

1478 

We | 
= rg | 
950 
s71 
289 

137 
342 
PY 
309 
245 
$35 
$34 
202 
395 
$03 
s70 
929 
269 
9286 
1460 
191 


124 


BebSEELESELALALALE Heseeees hs santas Ament ~ 


raranuegser ws sevaesdsanswotudtenuanassennaasasseanieass 


sariigratsageacisiesss 
cetera vrisesEseeeey 


HEELS LSs siguilicieecstseeieetaces 


Sense reer SESPELMHRERETESE ESSERE 
faggesty : sec eli ea <a 
qoucssrerstisitistes see cbosetiatassss Deeeaaicabihiatareetcibbese st - 
Fawebiedg SneetessssesssseSTeeseses Seezsrtiisrécasraerapeses sesessedi 


Geesyessesetegeses eazy se ssieves 220 es E207 2988 


Bapeyuesgntdeaatecarteverseeaguenbsealisssa!suaeeeteseeeeaae tees : 
ARES pa yabtaddecwuvvec custesveseeertHPibhitihi sa tat aseeas« 2ntQatteeeeeeeenewee 


ee le i = we oe en eee ee 


eee ci tt de ee ee ebeeeorern 


Beesdgiatsnidetedizezedeie tietecagseageg anaes faeces aeieeets deans ca reee! | 
GieadsietiteiebedotetsetseesenescasvelasnbnecTifestiehseegiseeasemeeoant 


iene 


ae esl Esa cssewewet ens Ete thoes ches cu awenwaesaneeeeleue etetttte: 


wh Nees pntShacdbewswettassrs=T0t 


ccbGetehed dewhoanraesveh Sek asesdeds su er yee SEE RTOS TO SEE TE aeae = 6 ati N71 


intatienetSereetestetenereaseeesistentetieeeteeeaae eS 


aewe 


eo-n 


PPrriitstitstvieteis btesiest tas hese: seecgieestdasiggetegaiceeccstteseeaetonseesese 


Table 31 (continued) 


H tl FOBS FCAL 
ssK = 2eae2 
-8 4 359 327 
-7 4 2817 2643 
-5 & 1647 1628 
-4 & 1037 966 
<3 4 561 $21 
-2 4 737 727 
-1 & 662 651 
° 4 $08 495 
1 4 1606 1607 
2 4 387 395 
3 4 1315 1375 
4 41355 1379 
Cy} 4 799 822 
7 & 854 887 
8 4 769 817 
9 & 830 920 
11 4 389 427 
12 4 328 374 
14 4 6C4 597 
is 4 1098 1126 
16 4 433 382 
17 4 254 i172 
18 4 282 284 
19 se Pst 259 
20 4 565 580 
21 4 290 223 
22 4 398 395 
-23 5 232 269 
-20 5 539 540 
-19 5 338 343 
-18 5 207 232 
-17 5 300 277 
-16 5 238 204 
-15 5 379 417 
-14 5 400 409 
-13 5 e811 792 
-12 5S 294 288 
-11 5S 691 683 
-10 § 1553 1472 
-8 5 1058 959 
-7 5 504 269 
-6 5 1075 1078 
a) 5 534 468 
-4 =) 861 820 
-3 S 441 429 
-2 § 1232 1210 
-1 5 1036 976 
° 5 194 225 
1 5 1637 1620 
<3 5 365 361 
4 § 1158 1210 
7 s 662 699 
9 s 462 435 
10 5S 804 818 
11 5 1446 1473 
12 5 1598 1608 
13 5 250 226 
16 5 4S7 454 
19 s 355 426 
2)? A) 252 257 
22 5 369 331 
~20 6 €60 679 
-16 6 280 291 
-14 6 631 575 
-13 6 666 683 
-12 6 638 622 
-11 6 319 316 
-10 6 1077 1032 
-9 6 1360 1307 
-8 6 469 428 
-7 6 656 655 
-5s 6 201 151 
-4 6 182 164 
-3 6 376 340 
-2 6 1028 1039 
-1 6 158 152 
° 6 fp | 360 
1 6 1097 1095 
2 6 244 251 
3 6 445 452 
4 6 1030 1054 


' 
ee a) 
COON WVUNK ODOANAUNUPUNYO 


~17 


FOBS 
S99 
419 
686 
646. 
419 
989 
256 
491 
414 
298 
665 
296 
493 
416 
526 
261 
301 
407 
492 
367 
611 
S23 
721 

1070 
766 
438 
959 
663 
S78 
519 
687 
327 
664 
287 
378 
307 

1160 
259 
777 
256 
281 
$83 
383 
239 
249 
483 
439 
240 
437 
226 
345 
7O1 
360 
3S5 
6815 
947 
720 
716 
671 
402 
672 
386 

989 
990 
306 
268 
628 
622 
SO7 
433 
497 
392 
523 
615 
48s 
S27 
983 
346 
503 
ero 
295 
s79 


COPMSOHATSHSHAHDTHSHAATAMAMSOHMTHOHSOMDHOSOHDTOAOODDDNNNANNN VV VN VA NN YN N VAN ANN VN NN AYN VAN VAAARARABRAO PARABBAAL 


FCAL 
612 
421 
681 
639 
445 

1033 
221 
s22 
406 
307 
688 
283 
468 
381 
S24 
250 
270 
388 
490 
328 
600 
S04 
711 

1054 
782 
436 
904 
660 
598 
525 
679 
Sos 
685 
332 
381 
309 

1165 
191 
eel) 
248 
286 
S9o7 
425 
252 
254 
452 
441 
210 
448 
253 
354 
735 
365 
361 
811 
947 
7os 
690 

€60 
413 
612 
387 
952 
982 
ai 7 
291 
615 
643 
510 
420 
$20 
380 
$23 
s77 
463 
553 

1000 
324 
463 
265 
233 
566 


ONAN PUNK & 


4 ‘ot Cee) 
Pe Bs ms a trbedviiewrnw eee ae 
WDANDONUNKFTDDODANUFUNAKNPUADWIONUAUNCDOANYNUUNKOWDNANDAUNA 


©DODDDDODDDODDODDNVDD ODDO OF 


FOBS 


277 
925 
865 
242 
778 
ses 
942 
670 
599 
685 
s01 
S?vt 
782 
76s 
2ca 
S26 
S62 
sss 
221 
238 
712 
227 
236 
833 
$94 
387 
Sso7 
S60 
801 
261 
472 
493 
§42 
2et 
242 
410 
862 
3¢3 
344 
410 
S574 
453 
824 
281 
270 
303 
468 
280 
$27 
331 
375 
581 
24c 
457 
325 
280 
257 
2s7 
246 
238 
$33 
420 
re ik 
669 
288 
471 
324 
435 
451 
240 
$24 
331 
202 
299 
702 
194 
352 
331 
295 
4€0 
298 


FCAL 
256 
902 
912 
197 
777 
617 
918 
677 
611 
676 
493 
S84 
Té3 
774 
2c3 
534 
sss 
550 
236 
169 
678 
ZW 
219 
838 
646 
395 
$40 
S82 
797 
245 
as7 
540 
S32 
274 
200 
427 
791 
261 
395 
419 
€04 
461 
6808 
212 
306 
335 
489 
275 
S25 
272 
353 
S74 
225 
486 
303 
274 
230 
274 
256 
313 
562 
42e 
244 
7186 
322 
479 
293 
473 
407 
245 
535 
Jee 
194 
338 
715 
211 
390 
370 
297 
466 
253 


NNN DI me ee ee ene et hh COOKODODAAOCAONDADAOOOONGD OOOO OOO OOOO oO 


FOBS) FECAL 
296 2se 
562 S52 
546 544 
495 S41 
s59 s7s 

3aaee 
345 319 
682 696 
496 485 
250 195 
208 144 
724 727 
ss9 Ss2 
4ss 448 

1145 1751 

1435 14S5S 
991 1009 

1113 1086 
207 149 
710 727 
A}eiwe 329 

1633 1657 
726 tes 
308 345 
304 345 
726 es! 

16268) 1657 
334 329 
725 727 

1106 1086 
989 1009 

1415 14S5S 

VITO” 11S 
452 448 
sso $52 
Wats) 727 
490 485 
689 696 
318 s24 
<0 292 
203 243 
318 270 
628 632 
283 262 
783 Ler =) 
44) 489 
198 162 
177 189 

1435 1444 
279 279 

1226 1179 
958 944 
908 890 
402 svo 
540 $27 

1241 1189 
379 412 

1376 1290 

1595 1691 
208 192 
428 448 
431 457 

1045 1063 

ze,  lsoo 

1066 1104 
693 712 
772 T64 
433 448 
686 709 
2865 261 
740 734 

1316 1303 
395 398 
356 347 
310 246 
4s7 431 
555 $71 
$40 549 
386 400 
710 708 
911 6e4 


1c 


PRP eee KRU UUUHWU NUN Wd vUdUnddUdUn Ws UduduW WN NNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNAE 


FOBS 
886 
1043 
971 
66s 
644 
455 
466 
1676 
682 
323 
146 
8s4 
1741 
307 
797 
497 
780 
838 
600 
307 
910 
1291 
347 
370 
397 
253 
283 
aca 
367 
580 
285 
444 
227 
324 
424 
569 
657 
642 
622 
540 
408 
841 
739 
1977 
wae 
387 
747 
761 
335 
789 
3¢e9 
760 
742 
494 
911 
399 
867 
2526 
168 
1140 
630 
363 
ess 
905 
281 
360 
445 
358 
408 
S549 
3c8 
310 
Sia 
301 
462 
355 
1173 
468 
693 
1109S 
1038 


FOCAL 
856 
1929 
°51 
849 
637 
424 
428 
1641 
646 
281 
168 
612 
1718 
325 
B46 
514 
8S2 
907 
ors 
313 
944 
1358 
380 
438 
425 
246 
322 
390 
380 
598 
297 
446 
209 
278 
43c 
557 
611 
662 
seo 
ss9 
413 
826 
wis 
1685 
732 
384 
734 
7a0 
353 
72 
293 
736 
717 
ag96é 
991 
450 
$2s 
2671 
157 
1133 
701 
346 
958 
953 
273 
319 
494 
363 
413 
542 
338 
322 
476 
324 
502 
361 
1144 
2ee 
890 
1065 
992 


Le 


secendsibSuacgias 


Shasases' Sieacvebnetns 


caweees ven vatone® aupeeree enteaeaeenage 


ms srprer 
. SSttoity sets. cyaweneedtaneresee 
een See sre tesee seemed Se eeeceocertset ee eseee ee eratecees 


pagatncTeggRiiegeengpe assez Taeuceieic2ectacgeMpegeaeeSseesseeee 


“uo r~ 


augenacaney stu s4supessusaarsuraitataasesgecnet 3 


a 
ef 


bbinavanernSzcissssiteneseras sansssae bttbrevueey sdlehiiendeheerioee 
pce he en Speen ate Aare foe -Sesseses: ai : 


an PESSESECESHEETSES2SOCaTESI3%2 
= ‘ Seaspesepscanaxenensstsceassurstsaesicsstatsebeeseyreanett 


. 7 : tesdou bisisesscteaias bes ewesare’s =tsepesbeiiciciz ged aw A see 


cbwene Oeebe 0600664 266 Nasa washer eee ers Se~senees ~<a = Oe Me 


: =SSSz5° esceder ee se 
$33 - 


byatee,rensatetiies aigesdaucadesielisaceaceasemscacdiieasteit ees Seasetit 
Searig*igapitdisidessaiiiitie seas SEePEREGREEGEEIECEEESRE 2 abga00 30 Se SSeRSaREREAE | 
seurhsicchistiesenssblenescnaeeaton Teese ethaomeues 
stodepssheeheatgeeasged TeageEtseseeaneges 
SEREESEESERESRCSSETSECE ESE ORaW eT sees 


gSEERAL SLi 2b te wenn ne edt FeE57 


Gecesagsiassisecengeeeceeeigenisitisit 
GedersssissssigglatssessaeTadi tise sssitt 


‘Table 31 


o tL FOBS FCAL 
eeK = 3sese 
-9 4 939 894 
-8 4 1350 1272 
-7 4 1202 1156 
-6 4 613 575 
=5 4 196C 18683 
-4 4 688 825 
=-3 4 635 602 
-2 a 885 870 
=1 4 639 641 
ts) 4 1815 1818 
i 4 264 237 
2 4 1063 1087 
3 4 1206 1252 
4 4 163 145 
6 4 604 810 
7 a 419 418 
68 4 234 243 
9 4 14590 1488 
10 4 721 721 
il 4 489 453 
i2 4 267 205 
NE) 4 301 344 
i5 4 347 PLAY f 
16 4 330 350 
17 4 469 456 
is 4 280 315 
i9 4 280 243 
20 4 s72 578 
23 4 428 41C¢ 
-21 S257 249 
-186 5) 540 531 
-17 5S 396 407 
=1'5 Ss 494 456 
-13 S 630 622 
-12 5 1015 992 
-11 5S 451 414 
=9 5) 663 667 
-8 Ss” 87.3 857 
=-7 = 393 414 
-6 S 642 640 
-5 5S 160 153 
-4 5 2130 1972 
=3 S i726) 921596 
-2 5 9359 908 
-1 Ss 839 8s8 

3 S626 611 

2 5 637 634 

3 Sass 996 
5 5S i205 T2352 
6 S 2240 2293 
7 5 195 203 

8 5) 261 283 

9 Sa oss 683 
10 5 ‘s16 509 
11 5 456 428 
12 5 491 so2 
13 S$ 636 691 
14 oo 338 324 
16 5 236 154 
17 5 419 399 
18 Rn ett) 328 
19 5 347 364 
2c S S86 S87 
21 5 400 397 
-22 Ces aa 338 
-18 6 S03 464 
-17 6 409 410 
-i5 6 744 ToS 
-14 6 248 245 
-i3 6 232 214 
-12 6 988 963 
=10 6 613 $91 
-e 6 1041 978 
-7 6 392 414 
-6 6 4444 447 
=S 6 919 682 
-3 6 390 359 
-2 6 298 298 
-1 6 1121 1141 
(S 6 $10 523 

1 6 315 267 


(continued) 
H tl FOBS FCAL 
2 6 1069 1047 
3 6 224 266 
4 6 451 400 
s 6 430 443 
6 6 604 620 
7 6 S67 559 
8 6 1033 1087 
9 6 1189 1210 
12 6 689 725 
7 We} 6 5865s 570 
14 6 242 261 
Wd 6 442 42e 
19 6 253 209 

20 6 rl Ay 6 348 

21 6 372 349 

-20 5 356 324 
-19 TA 376 350 
-18 Vi 212 225 
-14 ‘a. 678 708 
-13 7 480 s20 
-12 7 256 254 
-11 7 215 258 

-9 it 869 814 

-8 7 408 439 

-7 tf 698 684 

-6 7 Zes 186 

-5 iv 414 417 

-4 iN 675 651 

-3 7 ote 274 

-2 T ALG] 1155 

-1 im 630 590 
1 7 1S7 140 
2 Ta 746 743 
3 Uh 442 474 
4 he 356 340 
5 ¥¢ 774 7392 
6 x 822 796 
8 7 199 191 
9 fe 795 TAGS 
10 tA 292 301 
11 7 807 829 
12 a 728 Tan 
14 7 256 251 
17 Te 348 368 
19 is 457 413 
20 Ks 360 343 

-20 8 262 bo bed 

-18 8 232 1s8 

-17 8 sos s6l1 

-15 8 225 240 

-12 8 223 204 

-10 8 940 986 
-9 8 236 185 
-5 8 7) 757 
-2 8 s70 545 
-1 8 928 923 
2 8 648 653 
5 8 615 é75 
6 8 218 275 
8 81111 PL 7 
9 8 1049 1064 
10 8 331 307 
12 8 296 ray eR A 
13 8 489 445 
14 8 soo 322 
Ss 8 225 280 
16 8 257 178 
17 8 488 435 

-19 9 441 487 

-18 9 304 318 

-15 i} 209 220 

-14 9 6806 B49 

-13 9 621 €04 

~12 9 S22 516 
-9 9 3957 3ir2 
-8 9 220 108 
-5 9 358 339 
-4 9 T46 ie 
-2 9 489 483 
-1 9 260 eoo 
1 9 262 265 
2 9 706 738 


t FOBS FCAL 
9 261 235 
9 489 495 
9 867 858 
9 378 253 
9 S75 569 
9 S537 518 
9 4820 467 
9 549 543 
9 440 445 
9 419 433 
10 304 306 
10 368 364 
10 424 453 
10 387 8=6420 
1Oug2et Eere 
Me SAYS AS 
10 616 630 
10. 474) 551¢ 
10 226 147 
10 407 419 
10 445 = 441 
10 420 437 
10 S47) = $33 
10 671 675 
10 418 «= 4418 
10. 408) «= 3395 
1c 606 608 
TONES Cl cos 
1¢ 860 621 
10 367 375 
10 535 514 
10 S78 571 
16 384) = 4401 
1¢ 247 =8=6210 
11 256020241 
11 7781 832 
11 244 277 
11 387 399 
11 265 247 
11 557 £555 
i ER aS 
11 609 = 661 
Ti26s es0 
11 370 349 
11 381 390 
11 954 925 
11 831 790 
11 329 294 
11 482 522 
11 S500 476 
11 432 436 
12 481 537 
12 625 657 
12 266 278 
12. 225 «196 
12 209 198 
{27233 ueess 
12 684 712 
{2.744779 
12 545 559 
12 355 278 
i2 566 589 
12 356 408 
122207 eos 
12 S503 490 
12. 497 §8©6502 
13 305 «= 351 
13. 457 = 493 
13 267 90247 
13 468 456 
13° 261 282 
13° 248 8286 
13. 462 = 479 
13° 348 8 8=334 
13. 520 505 
13. 345 =. 366 
13° 274 = 243 
14 «182 98 
14 484 484 
14 246 302 
eeK = aesec 


4 
-24 
es 
—2e 
2. 
i 
3 ey 
-14 
-13 
— ie 
-11 
-10 

i} 


ll td | Himes Sitd fies | 
BUFUNPKPODWONAUNFNKOKN FUN 


= 


11 


i nn ee en Oe ee ee Om hr mh mh eh he eh) WUUWWWHWW UYU NNNNNNNNNNNNNNNNDNNNNNNANNNNNNNANET 


FOBS 
S07 
361 
416 
833 
250 
183 
8Ss7 

1866 
170 
6sS 
931 
944 

1400 
547 

1365 
303 
313 
286 

1216 
963 
643 
S06 
381 
475 
312 
397 
378 
334 

659 
234 
260 
ds be | 
356 
625 
526 
333 
626 
693 
374 
439 
856 
1056 
O77 
S61 
2025 
32e 
793 
223 
2527 
S63 
517 
8ss 
453 
1880 
813 
878 
580 
1106 
374 
198 
21s 
ao9o 
LLSs 
386 
491 
345 
219 
265 
366 
en 
364 
703 
709 
703 
873 
1387 
206 
346 
1643 
919 
610 


FCAL 
499 
36¢ 
413 
803 
243 
142 
836 

1741 
157 
652 
942 

1027 

1460 
$56 

1415 
315 
328 
2aS 

1217 
995 
664 
S06 
384 

491 
296 
381 
404 
328 
670 
204 
296 
207 
361 
625 
S06 
339 
621 
674 
371 
398 
882 
1017 
948 
474 
1005 
307 
784 
187 
2436 
559 
517 
873 
asa 
i908 
852 
899 
Svs 
1153 
394 
170 
181 
47¢ 
1137 
402 
490 
327 
216 
322 
396 
345 
319 
695 
702 
704 
667 
1369 
rs tj 
323 
1728 

875 

$58 


126 


ee onnananen ne teseeonnceetene ceiseeisttttien 


ANANAE HS) pa Ste 0445 Cate 4464 4 qsesaenses eenseseuaaeeeneENsinett ts ete 


SEEGigBdgesydscsteesagggeasssiagagtaiieateaGesesscaecgesaeesenseat eee 
j ebisindesiedigsesisgeneeacsesszesants2: EESTREELGISEEEMEaSRERLTESS TEESE TIC zE 


suuanceeesareearsss Sew EE) LbEdbisweevaaes® SICSRETEEE TSE Leweens sstcaessersstesiitee 


deccaqenqesvecedébsrsweresebaceccectebbrrbretrtesenedseqeces cen assis pss 


Gisagandagnsseceeescangegegsegagesc eeGeheeageaace gg ases 125522 Eg ESE PITRE SESE 
bee itsieeesnnteestis ni ppmceseah ea See 


gGoceedtassssetessehbtgbsauseneeenes hit 1s4t tyes SSE 
Awevbecvevecssoacassenessss songs FeesIl85= 955 § SRSTREERe 


Besavengzigessyaaieegzetsagssees es geis ie 
Gouauasonsguaaunnssastsucneussentess3eHstasanencdnctrasetesecelayih 


rieis aoe 


SEASSEES Shae hdbiceccgccttaareetagdaeeassastiseiise big wvexee-esdnndeeeee 


tubs bobdaenentnseasenesstéeedstuspatnorse nes + seit esss os ses ss nee ee 


Gapesacegpenegedigngseeganseseesetawsangegsi i203 iagse23iaiieiecies sobs smetanea 
Sussyst resi segisibieietctathetecEsseeeneseesead sesgeee2 ec sit ict 


bee gad btacuwanerescaneeeeiesbere cya aE ge 


oi 
i 
7» 
ves 
oat 
nae 
ent 
oes 
sae 
in 
q 


6 i 
eShESbibd tices een cS =SSTESE SESE SS See 
se radesnnvesedvadanuenvabenuensiawe ower siusietey sS5ses 208 


siEESELPESELESECURRELERESRaEESOADEOTE satineeieeyeaaaeeetees: 


Gsteetestig2t?: ayseit 
283: 


Lote 
=o 
ten! 
owe 
oes 
cue 
94% 
oe 
ave 
weet 
eee 


Table 31 (continued) 


4 tl FOBS FCAKL 
eeK = Sehee 
-4 41769 1702 
=-3 4 998 927 
=2 4 961 964 
=) 4 662 621 
° 4 240 250 

1 41478 1490 
r3 41908 1855 
4 & 876 915 

s 4 500 535 
t-) 4 1507 1535 
7 4 1442 1463 
8 4 215 212 
9 4 251 240 
10 4 619 640 
11 41053 1092 
i2 4 432 454 
14 4 388 378 
15 4 s65 $86 
—< 4 $86 981 
17 4 4642 438 
18 & 464 417 
19 4 244 207 
21 4 218 204 
-2c ye) 372 
-19 5) 5368 S27 
-16 Ss 358 28L 
-15 S215 1a2 
-14 3 Sa 56S 
-11 § 1119 1075 
-10 5 1362 13:0 
-9 5 262 262 
-8 5 207 161 
= S 868 842 
=-S s 340 389 
-4 5 868 638 
-2 5 940 904 
<p | 5 2274 2176 
° Ss 347 357 

1 S 1440 14S28 

2 Ss ‘ss2 6S 

3 §$ 1402 1428 

a S iis igs 

8 t-} 652 842 

9 S 349 346 
11 S 258 271 
12 5 709 735 
13 5 585 ss3 
14 S$ 464 465 
15 S243 133 
i7 } 421 437 
18 5 247 269 
19 5 639 635 
21 S 2ii 202 
22 Ss s9) 37a 
22 6 278 2e1 
ca) UY 6 472 458 
-16 6 261 197 
-15 6 471 469 
-13 6 1072 104 
-9 6 62C¢ 6L3 
-8 6 826 7T9€ 
-7 6 642 sca 
-6 6 421 405 
=5 6 660 653 
-*& 6 254 206 
-2 6 344 367 
-1 6 714 687 
° 6 8675 852 

1 6 1074 1070 

2 6 992 987 

3 6 485 sos 

= S neee 260 

€ 6 693 665 

7. 6 612 Bri 
10 6 552 560 
11 6 357 368 
12 6 eai70 213 
13 6 231 252 
14 6 222 22s 
15 6 337 270 
16 6 640 o“7 


e©oooeco0oenoondnqgodooa0qoconsaocaon90a0 0000 


FOBS FCAL 
526 546 
410 aos 
439 417 
297 315 
277 202 
629 591 
736 762 
$41 555 
484 489 
269 252 
288 347 
210 176 
259 232 
456 455 
364 391 
213 170 
419 453 
638 669 
270 303 
seo 339 
$36 560 
232 240 
300 328 
292 292 
609 602 
219 156 
944 946 
279 310 
364 332 
581 548 
611 $95 
243 iis) 
240 190 
530 550 
252 260 
332 389 
S41 S65 
316 347 
509 506 
B27, 306 
294 333 
362 397 
ects 739 
879 867 
260 269 
314 363 
432 440 
S62 608 
593 546 
456 460 
289 288 
257 275 

Seer 
rie led 274 
T19 721 
248 206 
272 27s 
265 241 
529 540 
265 264 
796 783 
350 34c 
S53) Ly Urs 
360 319 
sae 364 
360 402 

1613 1829 

2028 2114 
$20 517 
667 649 
607 649 
516 517 

2028 2114 

1809 1629 
358 402 
370 364 
328 319 
526 S17. 
352 340 
796 783 
228 264 


BUbUUUUUUNNNNNNNNNNNNNNNNNNNNNNN NNN NWN WDD DDD & me me me oe me ee te et me Oe tt ee tet tet te et tet te eet et he ceoooor 


Owner Wn = 


AAHAAAAMUNAMAFRAAAAAUAW AE PPR RPP RHE PERPP HH EHP Er HHH Kh HP R Her HEP er hm eWWWW ow WUUUWNWdUWduWNdduooneouowe 


Foss 
350 
S76 
393 

1181 
S30 

1107 

2155 
845 
ED We 

1413 
861 
298 
543 

343 
950 
287 
353 
301 
195 
36C 
909 
274 
251 
417 
960 
320 
239 
210 
749 
554 
1235 
901 
401 
296 
633 
1261 
1242 
191 
431 
871 
2092 
741 
733 
1120 
317 
811 
301 
872 
1029 
233 
427 
195 
539 
512 
865 
452 
694 
239 
3c4 
204 
T7353 
726 
241 
404 
934 
364 
932 
193 
463 
468 
806 
ics 
T24 
351 
Lae 
403 
715 
499 
180 
595 
760 


FCAL 
354 
539) 
404 

1136 
S07 

1047 

2030 
807 
288 

1401 
887 
326 
624 
342 
976 
306 
384 
335 

200 
353 
929 
aoe 
211 
424 
966 
283 
326 
241 
7s5 
555 
1226 
903 
405 
242 
596 
1176 
1125 
153 
427 
871 
2032 
Ta. 
735 
1174 
330 
841 
308 
861 
1045 
248 
448 
i158 
S70 
471 
900 
444 
670 
192 
309 
205 
745 
7s6 
174 
372 
876 
380 
901 
223 
489 
467 
781 
1¢94 
683 
340 
se6 
385 
74e 
$20 
189 
622 
TT6 


ey 


gt 2, tbdinvencavssd60tt teapeasseet SELbtdLbtewuuseet3i7 savsseshesscuscae 


> we 


se Widcsades ane Sse <scaueuseneanaveaeeues oVeseweucene ocsesetceseosquses 


Sesunsnsts cents assasstiyisieavernaseeeye pesken3s: 
eaazeessief snes sTnteaaserseeasisstaesoboeDe MEE _ 


hs NCE re ea a pec kebidl-cece sczsezactttttiay atonucoeesd etosce sitea 


Sasser tevenestrienscbvecestecsansandecceosqssensvecucssscecpeens vesesenittill 7 


TH Tittereres tet reitied Hateee eee Ee ORS. 
fneneasnemnennuazeneensazzetssti saaehagersegeessciess ibs LLUGLUESEES SEER 7 


55 


Leen 
bis bleswcads de Stsarseure 


‘ sys 
ehbecwuscceetzz =s ore 
Stee 


38 SSbSscseeens== Ssecs isum saciatdeins 2! sivensesnivos eon _ 
; isis YEECUSDENTSEEESTELUSNIE ES ENSESSANESEE 
| PpRPESESERETSGGeTaTBCUTELITE2EGUeTEeTEaEEEE Se 

bas gus? 


exrarsiae at 


Si teaec 
5+ taunne 
a ee ee a+ osm cad uucsannanwsenuusinenatianeer SRewsy ISSEY 


Perit ea ead ad Hees a stedrERtLStn SEEPS : 
Ssipenacsepcegiia2arigeserelfaeRegescgeeeigneseeeecceene cece sesteaneges 


rareettacescteeesiaihe ae we 


reegenesy 


Ssbcwwsereesare sh ELoLiibtennweteeeueanenee 


~ 


& = = 
Venues? Oe ORO Sy 


se sosapdaguneedeasena ened ceased laid asQHifnises]8e RN GHEnEaE 


7 Syceigiireingpepgexanersspegts iiciia sce seats bane See Gage aban age ieteeteacenes 
ea naam aasicuiialle SeSyLEgigea1SeeRaseue eh Sassiiteeneeme 


Table 31 


H tt FOBS FCAL 
sex = Seeee 
7 S 342 336 
9 S$ 610 633 
11 5 779 4792 
12 5 663 638 
14 5 663 686 
16 $§ 559 £518 
17 5 395 402 
18 5S 380 351 
20 5 656 662 
21 Su2i2 183 
-21 6 282 322 
-i9 6 258 227 
-16 6 296 336 
-15 6 570 582 
-14 6 463 481 
-13 6 434 435 
-10 6 392 394 
-9 6 570 522 
-8 6 470 aa7 
-7 6 628 618 
-6 6 683 677 
=-3 6 675 649 
-2 6m 22d 241 
-1 6 SS7 564 
° 6 1253 1258 
1 6 446 422 
3 6 416 397 
4 6 446 428 
5 6 505 479 
6 6 476 444 
8 6 915 908 
9 6 364 371 
10 6 236 228 
11 6 312 292 
14 6 243 229 
is 6 494 510 
16 6 278 235 
17 6 487 483 
18 6 457 420 
-20 7 270 z60 
-18 7 254 263 
-17 7 347 343 
-16 ig LN? 273 
-15 7 544 570 
-12 7 $559 526 
-10 7 481 414 
-8 7 286 279 
-6 7 330 281 
-5 7 675 692 
-4 7 1282 1276 
-3 7 #501 477 
-1 7? 230 233 
i T2768 288 
2 7 632 853 
3 7 304 307 
5 7 400 395 
6 7 688 698 
7 7 387 340 
8 7 483 481 
9 Te S37. 507 
11 Te tle 710 
14 7 a77 453 
17 7 220 171 
19 7 227 218 
-186 @ 295 371 
-17 8 297 289 
-15 6 217 235 
-14 6 531 5006 
-13 8 563 560 
-12 6 314 3a9 
-11 @ 267 221 
~-10 6 335 317 
-7 8 1021 1026 
-6 8 370 328 
-5 8 599 59° 
-4 8 S67 538 
-2 6 550 508 
-1 6 368 30¢ 


(continued) 


12 
13 
14 
= 15. 
=13 
<9 
=o 


- (pew 
SONANWN PR eR NUN 


tL Foss 


©O0D0DHODDODOONVNHVDOODOVDONDONDOOMWODOAOABODAOD 


1039 
668 
832 
539 
820 
306 
47s 
650 
318 
449 
362 
369 
434 
664 
639 
261 
580 
845 
481 
261 
625 
672 
554 
404 
325 
480 
499g 
456 
681 
328 
337 
241 
434 
426 
431 
337 
344 
377 
580 
699 
499 
$19 
726 
226 
953 
506 
241 
481 
322 
415 
235 
33¢ 
326 
256 
460 
523 
470 
341 
701 
721 
321 
283 
235 
491 
282 
283 
235 
285 
259 
461 
378 
€63 
236 
397 
444 
$39 
232 
301 
239 


i 
1 


t FOBS FCAL 
3 247 213 
3 422 375 
3 373 408 
eh SES 351 
3 6297 299 
3 334 322 
3 354 348 
= 6eeee 
Cosz9) 381 
0 369 391 
®o 2s5 235 
Oo 3849 374 
Oo 369 354 
OS 72i¢: 736 
o 925 888 
0 S86 s98 
0 6925 871 
¢ 1142 #1140 
Oo 204 160 
0 1072 1103 
Qo 370 369 
Oo 612 634 
© 693 651 
© 847 856 
Oo 704 684 
oO 669 650 
oO 671 684 
Qo 8614 658 
Oo 685 651 
Oo 616 634 
G0 360 369 
© 1066 1103 
Oo 217 160 
© 1124 1140 
Oo 8678 671 
c 605 598 
Oo 888 868 
Cotes 736 
Oo 396 354 
o 351 374 
o 230 235 
Oo 396 391 
o 389 361 
1 349 345 
ice 213 
i 413 407 
i 959 963 
i 393 378 
1 814 809 
i 6°26 879 
Ot) S24 
i 189 135 
1 679 671 
3.61150 1142 
1 281 271 
4 994 Dita 
1 296 236 
i 682 6s5 
1 698 702 
1 508 $29 
1 991 1069 
1 352 384 
1 1867 1550 
i 316 329 
11924 1941 
1 368 46C 
1 931 945 
i a4o a44a 
1 731 772 
1 $24 $56 
1 237 191 
1 706 782 
1 593 608 
1 660 623 
i 326 355 
re ei) 318 
2) 256 301 
2575S 767 
2 53135 S12 


H 
-10 
-9 


Foss 
718 
373 
716 
277 
217 
641 

1332 
813 
665 
374 
888 
704 
934 
976 
200 
222 
440 
433 

1009 
992 
260 
$93 
514 

676 
297 
262 
263 
332 
420 
818 
248 
613 
425 
464 
481 

890 
259 
460 
18S 

1258 
176 

246 

1630 

978 
391 
1507 
218 
439 
502 
470 
362 
339 
283 
567 
635 
853 
622 
262 
426 
335 
233 
706 
247 
S61 
277 
405 
624 
484 
483 
532 
343 
882 
592 
1617 
519 
517 
977 
259 
253 


SPER RHR EHP ERR HH HUUWWUNWWWNNWUsUUnWsnlsWsUWnWdUuUWdUNWW Wd UUNNNNNNNNNNNNNNNNNANNDNAD NNNANP 


FCAL 
695 
315 
702 
239 
203 
609 

1319 
770 
646 
360 
698 
730 
948 

1036 
175 
2c7 
4862 
392 

1066 

1021 
ca Wee 

606 
$38 
698 
300 
286 
ars 
335 
410 
823 
291 
611 
442 
471 
496 
883 
230 
458 
152 
1170 
158 
260 
1539 
942 
352 
14861 
222 
448 
$30 
$15 
350 
353 
284 
613 
660 
849 
660 
267 
425 
346 
210 
729 
219 
$39 
ca MS) 
365 
602 
481 
515 
sso 
340 
6840 
$50 
1568 
508 
sos 
976 
260 
296 


-4 


FOBS 
666 
248 
318 
332 
345 
790 
398 
626 
536 
S62 
1006 
565 
261 
275 
741 
428 
760 
1213 
355 
352 
6Su 
222 
391 
958 
674 
662 
923 
2é5 
TAS) 
770 
292 
472 
386 
498 
241 
396 
290 
$62 
T4a7 
222 
104C 
344 
ebhe 
254 
290 
de £5 d 
S35 
423 
475 
594 
651 
208 
1225 
393 
528 
409 
S34 
663 
597 
305 
Sts 
624 
641 
463 
713 
340 
424 
284 
446 
ss3 
205 
273 
257 
2s5 
596 
237 
253 

1188 


NVA VV AVY AAHAHAAAAHDAABRAHAAAARHAAAHDASAOAVWMUHUVMHVUVHHUNADHGDAKHKVKHKHHDHKHKHUNUNHHKHKNNKNUKNUKH Pe Poe RHE PP per 


FCAL 
Tis 
263 
369 
362 
364 
790 
424 
B47 
$26 
546 
971 
S26 
285 
255 
742 
410 
602 
1145 
345 
365 
632 
223 
396 
927 
662 
631 
928 
289 
686 
809 
296 
49g 
363 
492 
216 
341 
240 
612 
72 
134 
1035 
279 
204 
224 
30S 
CASH ¢ 
546 
426 
ass 
S87 
648 
122 
1213 
406 
S24 
412 
479 
676 
S87 
354 
544 
609 
635 
aa7 
Veet! 
373 
he} | 
256 
a3¢é 
$62 
23¢ 
323 
265 
258 
awe 
245 
253 
1173 


Ba. cocacene SSOP ITT TH ESRUTRITCHI HH YE TSSETETS RS 


a eees SIBLE Soneoane 3428 AL acme 


phide see SEESESSEL2 41 14160 -n cane tba seaHe PARE SSRI EAE LAU tone aawie 


~ feseunee, penvacntndedeserssecacalviceneeepeerctesiteaat 


eeabte securcdidsddsssiatanseeneeszreh0ben 


a4 


euanesucesanezensnzcii 


wisek 


> 4 4 = 
Serstrsiss ss Ssrtsiscssesseeeseuen 


SERSEETRESSSLESEALETEDEETELSLIAEL TESA RE LESEESELESEE SE SPERREES, 


Stappns Cbinsuwe ed sarees 


sabSasesetShsbstcessoressouers ys P¥I55632555525° 


E22gresSRCySeTehesggcaeagEsDeeSsniaragsiiereHeee tage apereeesl 


saHS38051 onroeseernastereerrvonsantnerssente= constr so ea 
oP j 


Sauaten  seguacauedsdeseaeszazsydaieanesventte 


‘as 


ELS UbAddbeevcowaezscxa27e!t ssee zeae “Liagte. asccoeatanassettHl 51 s6hauin ste 


eee Cee RE TE ERED REa Tar nee Poneman TOT 


Gsrspeapsgczsgiggiagege2iFeetesiieaiiiiiiti rrdtgiggegpeteseegucseeea tee eecteeee 


ood 


" gguptedetzansiceseiieancestesaceatigiase es LELTLULEPELESSEREEESSE£CSESEERERERE 


s¢ 
—— 
ee 


Ste 
‘ 


weete tte sate bsewanssdiaevesret 


bpartapttleses sels Lidl ewuuneentasae Pert hs tray | 


eee eeeeea ete eeuseeee 66060066 a OHSS O HEH CESSES wE 498 OE TE EH OEE TTS ENE SOOO OE OSS 


jasovasgnssins3s3cestaencsnebeseei2es S042 SSEsRusTOReaesOSPMSts scsi TBeCeeaeED 
SSEgNae NE CUHEEEHER SESESSSEGSEGLS222525a0¢¢TEPRSMSR Ea EOE TEENEOS HOLES ER ERED 


i293 


Table 31 (continued) 


# & FOBS FCAL H tL FOBS FCAL H t FOBS FCAL H t FOBS FCAL H lL FOBS FCAL 
eeK = 6eoee -1 i1 452 455 ~-16 2 290 250 -19 5 333 345 -3 8 344 346 
-7 7 $84 S570 (ee ib Wee X-1-) 473 -15 er 207 -16 5 483 489 -2 8 379 ac6é 
= 7 1180 1176 2 11 806 399 -11 2 2¢9 1ea7 -14 5 608 637 -1 8 322 318 
-5 7 256 1} 3 ty 225 218 <=10 2 506 Sil =12 Seo. rae Rp e 8 431 416 
-2 7 648 854 4 i 220 236 -9 2 646 623-11 5S 406 417 1 ae 596 588 
-1 7 612 635 6 11 439 417 -7 re AN 743 -10 5 438 431 5 8 945 952 
e Fy 417 402 7 3% 392 362 -6 fi Eli? 294 <9 5 414 ace 6 8 267 283 
1 7 3680 366 6 11 289 321 -5 2 950 693 -6 5s 783 745 7 6 293 175 
2 tT “are 295 cy OP ede) 209 -4 2 791 761 -6 5 T14 679 9 B 404 424 
3 7 496 527 To eit) 315 323 =3 21707 1622 -5 5 826 834 1¢ 8 S511 4s9 
ry 7 418 209 11 F219 224 -2 2 401 382 -2 Ss 480 459 11 8 $01 514 
(.) 7 401 422 -9 12 241 229 -1 2 611 802 -1 5 374 320 12 8 439 a22 
6 tT) Tes 603 -7 12 390 380 1 2 584 627 to) Ss 794 79a -1C 9 «S77 551 
7 7 344 357 =§ 12 373 334 2 2 476 506 1 S 249 197 -° 9 347 353 
8 F 234 198 -4 12 320 341 3 2 364 365 2 S 376 387 -e 9 783 801 
i¢ 7 422 393 -2 #12 611 640 4 2 425 a75s 3 S) aviv 278 -7 9 274 197 
12 7 492 501 =e 252 200 Ss 2 183 166 4 5S e225 190 -4 9 647 624 
14 7 270 276 -1 12 $80 5e4 6 2 527 520 5 5S 326 3c7 -3 9 287 263 
15 F 401 389 1 #12 236 239 7 2 1174 1176 7 5 383 355 -2 9 #764 748 
1é ? 554 554 4 12 502 471 3 2 209 207 8 5 258 251 1 9 430 381 
-17 6 315 287 5S 2 S03 279 9 2 264 227 10 5 679 667 4 9 644 635 
-13 8 249 268 tT te e234 234 10 2 726 750 14 5 530 S67 8 » 472 4as9 
-11 68 eco zeta eaK = Tene 11 2) sr 347 15 Ss 327 310 10 9 414 366 
-10 & 520 516 -21 0 482 534 12 2 302 280 16 S 376 398 11 9 359 350 
-9 & 623 60C -17 0 585 ss2 13 2 scs $21 18 5 796 779 12 e ss8e S77 
-6 68 419 410 -15 0 632 683 14 2 373 398 19 S 203 145 1 9 272 273 
-7 8 465 432 -14 6 284 303 15 2 1025 1056 -19 6 339 315 14 9 268 262 
-6 8 747 719 -13 Oo 671 648 18 2 304 265 -17 6 416 402 -13 10 372 446 
-5s 8 ~8s2 811 -12 0 324 2e0 20 2 206 132 -16 6 354 353 -10 1c 3¢8 335 
-3 & 827 815 -8 0 678 698 21 2 434 379 -15 6 $83 560 -9S 10 308 312 
-2 ae Pay 62 -7 0 1481 1515 -20 3 476 523 -13 6 481 462 -7 10 346 353 
-1 a8 347 339 -6 0 256 250 -19 3 246 312 -10 6 228 22e -6 10 216 ow. 
¢ S. (277. 277 -5 © 933 930 =-16 3 404 457 -9 6 620 579 =-5 iC ‘862 862 
2 &@ 732 718 -4 0 447 452 -15 3 248 234 -38 6 223 138 =3' 10 2eC¢ 264 
3 6 S41 538 -3 © 378 399 -14 3 rie 745 -7 6 822 820 “2 10 431 436 
4 8 434 442 -2 o 509 477 -11 3 510 495 -5 6 285 272 1 «610: «6594 603 
7 & 457 445 -1 01538 1488 -8 3 484 500 -4 6 505 $12 5) 10) 335 280 
) 8 668 692 1 0 1455 1468 -7 3 603 567 -3 6 1013 982 7 10 333 351 
10 a8 346 327 2 o $595 477 -6 3 1281 - 1235 -2 6 554 548 8 YO 251 258 
11 8 635 834 2 0 403 399 <-5 3 300 223 ° 6 302 275 9 1¢ 300 325 
Gs & 452 448 4 60 425 452 4 3 962 939 2 6 204 198 11) 0 265 285 
16 ae 412 382 Ss 0 940 930 -3 3 354 297 3 6 878 857 =8) ia 20 210 
-14 S$ 464 448 6 Oo -271 250 -2 3 374 338 5 6 860 682 =—2) 32 ‘6c2 630 
-12 9 222 242 U 01446 #151 ° 3 864 84E 6 6 235 241 a4 at 897 401 
-10 9 333 289 8 o 698 698 1 3 196 182 7 6 328 347 8 11 318 315 
-9 9 342 354 12 © 286 280 2 3 305 288 11 6 674 694 So 11 207 233 
-8 9 «#714 720 13 © 639 648 4 3 850 876 i2 6 250 250 emcee 677 
-6 9 1279 1303 14 Oo 291 303 6 3 191 137 13 6 255 266 = cee lie eso 420 
-5 9 S27 497 15 0 653 683 7 3 461 455 15 6 663 638 1 #12 481 S510 
<4 9 570 562 17 © s97 592 9 3 293 346 7 6 443 458 3 12 204 152 
-2 9 440 431 21 0 486 534 10 3 613 836 -16 7 719 704 eeK = Benes 
° 9 327 364 -20 1 561 590 i2 3 443 asa -14 7 483 482 -15 © 108C 1043 
3 9 233 231 -19 { 332 257 13 3 246 212 -13 7 #378 373 -14 Oo 26C¢ 217 
4 9 287 350 -16 1 514 50S 16 3 367 386 -12 7 329 353° =1'5 0 362 354 
5 9 459 504 -14  St7 543 16 3 $26 544 -10 7 9834 835 -9 0 9390 987 
6 9 750 732 -13 i 463 474 19 3 237 197 -9 7 240 182 it ¢ 203 179 
6 o° 458 449 -12 t Sc¢ce 486 -19 4 305 317 -8 7 704 677 -€ 0 2c5 164 
12 9 484 485 -10 1 sos 898 -17 4 62C 621 -7 7 675 701 -s 0 888 905 
13 9 401 391 -8 1 672 606 -15 4 628 617 -6 7 TAT 757 -4 © 483 498 
14 9 465 481 -7 1 546 593 -13 4 409 44s -4 7 783 751 -2 0 994 1019 
-15 iC 272 267 -6 i 125 776 «11 4 256 237 ~3 Teele 316 -2 © 551 556 
-11 10 252 281 -5 i 524 536 -9 4 716 663 -2 7 618 569 =1 o 851 796 
-S$ 10 392 372 -4 11354 1339 -8 4 253 260 -1 7 Ler 206 1 (lz ac 796 
=o 1c" S92 $91 -2 i 948 942 -6 4 248 264 ° Toss 624 2 o s58 sSs6 
—7 0 = 77 720 -1 1 470 451 -3 41011 980 1 7 226 281 =} 0 984 1019 
-4 #10 317 314 (e) Lesss 7, 391 -2 4 690 645 2 7 3935 3865 4 Oo 488 298 
-3 1¢ 696 689 2 i 241 225 -1 4 275 287 3 7 324 274 s 0 913 905 
¢ 1¢ 290 334 3 i 214 190 ° 4 466 473 4 Tie 477) 251 1g © 213 179 
Tete 222 83 4 11947 2023 1 4 324 339 6 GAM hre 978 ° 0 984 987 
2 30 297 270 s 1 682 952 2 4 318 322 10 Teele 165 13 0 370 354 
3 10 656 681 7 1 36€ 402 3 4 586 585 12 7 309 281 14 0)) 278 Ming 
4 10 283 295 8 1 416 46e8 4 4 285 321 13 7 420 390 15 © 1034 1043 
S 16 500 542 9 1 696 744 5 a 319 303 14 7 516 497 -18 1 478 510 
6 10 374 374 10 i 940 949 6 4 232 223 16 Tee 282 -16 Were: 2468 
oS 3¢ 453 460 12 1 1¢03e@ 1076 7 4 894 900 17 qt s24 286 -12 1 1056 1060 
We GM eie  Ljcip 540 13 1 234 184 8 4 373 348 -16 6 295 286 -7 1 S576 $70 
12. 10 246 260 16 Yo CRXS 604 10 4 345 351 -15 Sie coy 221 -6 1 1419 1382 
135 10, 198 197 18 1 284 329 11 a 287 311 -13 Ch eS 730 -5 1 448 463 
aige fi, 255 242 19 ip adic 288 13 4 533 564 -12 8 285 296 -4 1 725 695 
-1¢ i1 276 283 2c Lay, 303 15 4 1090 1106 -9 8 335 327 -3 1 e238 216 
cir dy Os We fe} 363 21 i 219 217 16 4 335 376 -7 8 1002 976 -2 1 664 622 
-@ 13 347 378 -19 2 260 183 49 4 248 234 -6 8 341 341 -1 1 422 371 
-S$ 1 2186 250 -18 2) 3S 317 20 4 276 256 -s B 936 967 z 11215 1259 
-4 11 4363 394 <-17 2 836 e61 -20 5 240 202 -4 6 $50 560 4 1 240 282 


-2 an a74 466 


ese estzstasbeadas 


sennansuseseennnnesnvovstTAZ3SS5868 
TEPSTESISGLTTERERES ERNE AAICE NSEC SERS R TEESE! 
cette aaresrettoersisucsatereanann 


pecans gaeeae o Babd tdi vaasadbadekee-ssaversbediias Fb bddtnesensunmanneetaeee 
vegrsastsssoas00409se0alsecenvenosseerenceectsest—** rr ee dee 


=r Syoyodunacesdzes edeeeeny eysranazuendugyecpaeantdaeueenaat 


Sanesespurynrnyeseneees’ exgeaeedagarc dacyantisa1gegges2ecteuecaEseceaGRegsge eeEaeaaae 


er laere 


phESEUE ASS bt levee re ET ETTIASTITANS Sib akds Tciainiianiiininmenenn sani! 


Sean sedis doce seewnrseeeneansereMetesuLlg Ev erEseeENY eebamuseres ESET SES b 
BeeserusucbtsgeesagcersceeeEegaciaieeeini fe 
igeatareusdssensnativenaess Touceseystapred ra iateeneaney 


peep tig SibStewuvsoreStaTTt El SECEL stl Mh beau tapeceiéceag?t dade wav ceouwenteenenn 


cost¥encuacrusunensvesseenssecesbeusuenasacorneteestionrressa ner sirrb=ibeeeeelaiaaaas 
AP ed Peet ee ee c SEELEETSEEEESESETESERTaPEOSSEE Nae 
Kesspesey sea gugeseriaaesue Srseee Sr aae2alCugeepen das teceene cbeag bee seed sees aemeenenere 
- SN lewnacwStBlibe$b62<e8558255 12 bddtses opidbigsh tw, FRHM Lhibbt~ee es etecerseees tales 


nee seraeseee HOS e OD eee ee) ypewee eee seeest SS SSSETIHS RS SSE ae vocangwe sreterenSegasdy!seeeeee= 


Heesunpsesesesucseneecnuraesststsnez2 tneets7 008) PURREEHERE 
SegeteperegTaRsbetesSaganrl2igitcers2sievitseieieik Fvnrcsadeuateacecetes teenies 


Table 31 


Lal t FO0BS FCAL 
sex s Seete 
| ) ea -P 232 
6 1821 837 
7 1 364 611 
8 1 653 647 
10 1 657 sos 
12 1 6826 864 
13 1 437 442 
14 1 392 360 
17 1 231 212 
16 1 302 293 
20 by 285 27s 
-19 2 479 47i 
-18 2 396 378 
-17 2 480 495 
-16 2 365 342 
=—1S a rot 736 
-11 2, 205 324 
<a) 2 259 175 
=9 2 740 708 
— -] 2 289 323 
-7 a oe $32 
-4 2 384 370 
=-3 amoten 693 
-2 2 441 4so 
—- ch bie hte 914 
3 2 475 497 
4 2 284 304 
$s 23049 11211 
Lf = 223 261 
9 re ie aT 815 
10 2 345 311 
12 2 385 202 
413 2 625 653 
14 2 215 91 
a5 2 356 362 
aid) 2 269 271 
-16 3 465 484 
-15 3 345 390 
14 3 750 739 
-13 3s 336 2Ts. 
-12 > oc9 S67 
-10 3 221 155 
-9 Sad A 245 
-8 3 «6654 648 
—-6 3 497 481 
-5 3 295 304 
4 3 916 884 
=3 a) 325 347 
-2 3 292 299 
=1 3 568 512 
te) 3 1035 1022 
1 Saat 421 
2 3.1029 1018 
6 =o so 365 
6 a 473 512 
10 Sees 382 
12 3 $62 623 
14 3) 535 S34 
16 3 ale 399 
17 3) 233 238 
18 3 300 277 
-19 4 296 274 
-18 a 392 415 
-17 4 620 629 
-16 4 279 292 
-15 6 229 291 
-12 & 216 137 
-11 4 555 $75 
-9 4 482 467 
-6 a 262 215 
-S A STF 231 
~-4 a> 278 283 
-2 4 73 518 
-1 4 $52 508 
(+) a $516 538 
1 4 688 690 
2 @ 622 667 
3 4 624 658 
4 4 359 307 
Ss a 6e7 891 
6 6 691 705 


(continued) 
H t\ FOBS FCAL 
i} a s78 625 
9 4 683 676 
ic a siz AF ea 3 
11 4 275 306 
13 4 aos 748 
14 4 320 355 
1S a 396 410 
16 4 387 360 
17 a 240 242 
19 4 2ci 188 
-16 5 292 327 
=-14 Ss a93 ag96 
-i2 5 259 289 
-8 5 909 683 
-4 5 S13 S06 
-3 Ss 635 608 
=i s 810 781 
° 5 219 197 
bf 5 827 830 
2 Salis 1196 
3 5 322 320 
a 5 4g1 465 
8 5 785 614 
io —" 490 494 
12 5 233 282 
= ba | s 224 236 
1s s eid 235 
16 ~ 703 687 
a ling 13 252 301 
18 5 28 8 2s2 
-17 6 son 265 
=~ jis € 660 660 
-11 é 769 7939 
-5s 6 586 582 
-4 6 578 §82 
=-3 6 292 223 
-2 6 S32 536 
=-1 6 617 605 
ie) 6 274 236 
2 6 286 315 
3 6 1059 1085 
s 6 962 96@é 
nas 6 839 828 
9 6 441 4s3 
10 6 278 303 
12 6 425 406 
13 6 767 775 
-16 7 378 A410 
-14 iw 781 612 
-8 7 951 965 
-6 a = pre] 30:7 
-5 7 387 400 
-4 ti 326 378 
-2 7 607 s79 
° T 730 toe 
2 7 541 s20 
=| 7 345 362 
4a 7 583 567 
=) 7 462 4se 
6 7 1088 1064 
ve 450 482 
8 VE 302 254 
9 7 362 z by Ga 
10 7 297 322 
14 7; 3424 358 
1s is 303 ees 
16 7 762 737 
-15 8 496 sos 
-14 8 ae 174 
-12 8 266 290 
-11 8 712 708 
-8 8 350 =e} 
=-7 8 364 393 
-6 8 465 471 
-5 8 e67 843 
-3 8 720 714 
-2 8 hee fi £ 249 
0 8 291 238 
2 8 as7 446 
= S)3335 1304 
4 8 286 31¢ 
5 8 361 391 


seK = 


FOBS FCAL 
r4-¥4 275 
229 219 
448 463 
282 283 
374 350 
4ss 432 
320 351 
298 327 
743 747 
295 2865 
396 404 
= WY ( 314 
306 239 
620 $82 
669 653 
252 225 
730 726 
257 271 
214 192 
268 344 
207 228 
2cs 200 
639 646 
411 395 
416 4260 
SOs 368 
336 345 
$19 496 
4cs 417 
289 301 
458 4968 
231 Ri, 
234 163 
293 257 
720 706 

Oe eet 
740 7s3 
279 295 
790 802 
414 385 
406 363 
265 293 
$58 951 
433 4s9 
261 319 
656 663 
859 854 
796 854 
646 663 
287 319 
456 4as9 
932 951 
209 107 
375 363 
406 3865 
790 802 
306 295 
746 753 
373 401 
661 886 
3c8 312 
309 323 
404 366 
464 456 
525 513 
251 201 

1314 1261 
378 365 
487 426 
490 516 
418 483 
312 351 

1248 1297 
437 425 
632 631 
406 373 
341 338 
319 277 
477 453 
200 251 
687 716 
281 272 


meme e CO0O0Q0DGC0C0ACCMOACACOAaAOAaAnG Oo 


FOBS FCAL 
2865 322 
324 347 
269 288 
459 469 
283 268 
376 4068 
415 446 
442 423 
282 282 
255 eed, 
249 205 
749 720 
420 421 
378 319 
676 673 

1165 1165 
265 174 
364 359 
s95 611 
677 6es 
246 206 
287 a25 
203 201 
278 305 
466 423 
718 719 
310 337 
220 172 
312 28s 
295 341 
688 684 
467 482 
$37 471 
326 308 
477 4s9 
645 660 
391 Sista 
205 221 
479 492 
605 663 
54s 514 
671 67S 
341 340 
866 829 
729 747 
261 230 
384 413 
428 413 
2s3 261 
zou 255 
sol sos 
228 244 
$81 603 
311 329 
422 417 
251 250 
383 348 
329 276 
318 331 
10ees¢ 
271 286 
724 7a9 
462 455 
Sit = Fh") 
634 633 
463 450 
692 703 
341 334 
305 334 
664 703 
445 4250 
228 231 
644 633 
363 339 
aag ass 
714 7a9 
260 286 
425 a34 
a3 354 
539 $54 
ac2 417 


130 


ds panei nA EIRINS 
eaiserseretats VEO MNO ee cscedusunceeeaa 


cagayneus4Zeesasoncausepasdenesssdedesneaeseeaa4tceagensnnaeeeny 7 
es cetsaagetladinrancotetaTotesltoanccod sssscsibedadbsonce 


a8 para iareenerenesss tyersneees ee ¥eet re se ey: eet err re er eee ter erp SeSEsSeRaeeenes: 


SUSSSEESEREEGIESELEEEREEESOE LE ETE ARS SEEET S5RELENSSIRESEEiE, 
spaibagenseeesesesgegagedsnegagscanacesnassd agen gepeceneyesegenyse: 


tes 


i RR RE $156124441-aenneatacstsShassMikaaaen GE 


Sinaesnbertnose nea tseeees <Se-T i penenaneceneennsesaneanansaeannn 


sshbuinabiebion wituitiasil 
essananesserganaacensetentstseicets SuReseseugeenecnezi 


pears 


ithessistdenen dussessaisaarsed shecmaues822;22443454incennestasdsissiULAoneaeene 


Nea Ctedgdnesete sds yeuryrusnens ens yeuytunuies4ssessesens «ens s 4 heNSSRPRSEEE SEC EES 


UsegeesasseasaaZazausatenessalaeaenteteiss ices tiiatessigt 
Seacesteseasacsisacgatisggegieaticeaestegaecteqappatec estat 


Lees id eevees etanseshld Snes seee=sachslseqe® SLedusat-o* +: 


=; 


ea 


eee acini 
cn cneececassees¥eceseechehesteortretrtecasesosenastesssSeese, ecerotet a+ eo of G6 es == 
Eh eee TERRGASEEESEGEECONESEaPREGTERSER Eg EERSTE CS SESPREREE 


z 
Savggaggasesaseisci2egyeeet CEEELEELESTELERTEQERSSSMESERSERES BRSROSONMERESEESEaE Ee 


‘ 
~ 
a= 


LERSLEGQUSEEREESTERESESUSSGEGSEELSONSEROERESEERE | 


ATOM 
Nb 
As 
S1 
S2 
S3 
s4 
55 
S6 
Ca 
Ci2 
on Re) 
C14 
eas. 
C16 
C21 
C22 
C23 
C24 
C25 
C26 


io 6 


TABEH? 32: 


ATOM COORDINATES 


AND ISOTROPIC TEMPERATURE FACTORS 


x 


s58L36"2) 
» 209993) 
e521 86(3) 
pO TZL048) 
~51630 (8) 
¥ 5689303) 
~63390(8) 
2601637) 
- 4876 (3) 
- 4412 (3) 
- 4164 (3) 
- 4364 (3) 
- 4824 (3) 
As OA rea] 
eye NID, 
- 4989 (4) 
eA OT LAA) 
75165 (4) 
Poo (S.) 
- DADS (3) 


ii ZoOle8) 


o. 


p21 428 (3) 
sie 7eOK7 ) 
PLIS0(T) 
-3413 (2) 
a Be 9'( 24) 
Peed spouse Gig, 
-0503(1) 
wed Jake) 
p2027 (6) 
ere ano) 


- 2420 (7) 


34557) 


ot O00 ) 
2307'2:(6) 
gen Weg 9 Grd 
a Gar Oe 
22458 (9) 
3452 (9) 
.3818 (7) 
ois 1G) 


ni Lo (6) 


0 


Os 


Z 


1195284) 


2673546) 


-0746 (1) 
70567 (1) 
solo o CL) 
Poul) 
ee 242. (1) 
EE el) 
20067 (5) 
rows.) 
eS aS 
- 1445 (6) 
-0820 (6) 
20US2 (5) 
24254 (5) 
Bon eC AN gM 
-6005 (7) 
sen) 
SO ge Cn) 
- 4180 (6) 


flo) 


Lu 


(by eSzeL.0- 
(a) 26T08.0 


(£)anTO.0 | 
(4) $320.0 

(L) e8L€.0 

(£7 0L08.0 

(1) S9S.0. 
(ep eser.o 

(2) ¢e00.0- 
(2) LET9.0~ 
(a) LERL.0- 
(8) @pbL.0- 
(3) 0830,0- 
(2) S86 £0..0- 
(dy bese .0 
(¥) Sese .o 
(©) 200040 
(t) 1882.0 
(e808 0 


(EET ELO 


—-——- 


Boras 


CL} 080.0 
(Ry erS.0 


(F)0SeR.0 
(TpETHE,O | 
(aaute.o Ce) B8BB.O" 
(€) £e0e-0 
(eporse.@. 83 J 
(pp eeeb.g. 
(pysven.0 


Table 32 (continued) 


ATOM 


C35 


C34 


G33 


C32 


abe 


(a) Phenyl Carbon Atoms 


x 
Oo FSSA S) 
e838 L985 03) 
0.7983 (4) 
0.7418 (4) 


0.7040 (3) 


Gls so(2) 
021650 (5) 
Casa ot) 
O-091L5 (2) 
0.084773) 
0.1184 (3) 
3</10(3) 

0.982 (4) 

4,924 (4) 

0.1688 (2) 
Oe bived2) 
0.0845 (1) 
O.1140(2) 
OS t7L0'2) 


0.1984 (1) 


bg 
OMLe7 > (6) 
021032(8) 


0.0024 (7) 


=Oe0.Ls FG) 


Os O0717 (6) 


RIGID BODIES 


0.0435 (3) 


-0.0184 (4) 
=O. h0G 744) 
= Onl 713) 


Om eo) 


0.01517 (4) 


On eoo7 (3) 
0.2914 (4) 
0.3333 (4) 
0245333) 
0.4315 (4) 


0.3397 (4) 


Zz 

ORS 0a (6) 
071328 (6) 
0.1415 (6) 
0.1648 (6) 


Or E835 (5) 


0.2397 (4) 
Oeil 535-03} 
0.1387 (4) 
O22 10544) 
Oe 2968 (3) 


0.3114 (4) 


0232591 (4) 
e226 (4) 
OS226 (3) 
0.3877 (4) 
0.4220 (4) 


Does 30. (3,) 


4s 


55) * 


a2) 
= 
moe) 
~9 (2) 
Sine) 


30 (2) 


sb 


(S$) 8.6 
(S)£.5 
(S)e.% 
{S)¥.2 
(sye.8 
(S)€.% 


(5)4.€ 
(coe .8 
(s)e.8 
($)@.% 
(spt... 
($)0.8 


63/4), Var 


(a) 20eL.0 
(a)BSeL.0 
(@)SLb1.0 


(2) 88aL.0 


(2) C£8L.8 


(Ss) Tees.9 
{£)¢€21.0 
{P) TSEL.0 
(apenis.9 
(£)e9es.0 
(#) bLLE.O 


(e) @25¢.0 
(pyares.0 
(£) OSE .0 
peyvvae.o 
(s)0sce.0 
(€) oree .0 


_ on uO 


| amok aodsad Lymodt tm) 


(juin eee 


(£) 2£R0.0 
(h) BoL0.0- 
(8) YS0L.0- 
(€) MTEL. O- 
(p) 5200 .0~ 
(b) £2.20.0 


; 
te ae 


ore i 7 


(e)azer.o 
(EV OLEL.0 


1. SS. 
(6) €£20.0 


(£) 7880.0 
(£) bento 


© 1c) 010.8 


“(py see.0 
coy ace. 


(S) 882.0, 


(S)ef8t.0 


(1)2080.0 | 
(Soett.o 


Perk 


ss 


Table 32 (continued) 


ATOM x y z 


D 77 Thta9 
E . 78404) 
F ~A1843) 
C61 . 2679 (4) 
C62 3230 (5) 
C63 , p68 3 (3) 
C64 - 3482 (4) 
C65 #2950 (5) 
C66 .2548 (3) 
D 023% 3) 
E -217(8) 
F - 084 (8) 
C71 287045) 
C72 1963 (5) 
c7s 2496 (7) 
C74 -2696(5) 
C75 Sips (5) 
C76 -2940(7) 
D - 109 (4) 
E a2. (8) 
F -425 (8) 


- 1098 (4) 
~0725 (4) 
~0279(4) 
-0207 (4) 
-0580 (4) 


- 1026 (4) 


- 2098 (4) 
wee et) 
- 2680 (5) 
- 3034 (4) 
- 2920 (4) 


2452 (5) 


- 3600 (10) 
22265 (5) 
oot 7) 
-4990 (10) 
ee BH Bed 


- 4622 (7) 


- 1429 (8) 
-0622 (4) 
-0285 (7) 
.0384 (8) 
- 0423 (4) 


-2S0 (7) 


E35 


(23.6 
(s)L£,¢ 
(S)v.¢€ 
(8) 1.2 
(<)e@.6 
(S)E.% 


(19€.€ 
(spa. 
(sp2.¢ 
(Spe.2 
{SIE.9 
($)k.2 


(OL) OORE .O 
(2) @aSe.0 
(T) LOGE .0 

(or) 0ee6.0 
(2) 8££2.0 
(v)SSad.0 


(@) eS1.0 
(b)8590.0 
() 2880.0- 
(8) bREO .O- 
(AYESRO..0 
(TORE EO 


(b)evS0.0 
1b) 8080.0 
(b) 0820.0 
(by asOL.0 


: p vy 


(yy 200s .0 
(B)SfS6.0 
(ayonas.0 
(>) BEDE .0 
(by 0ges .0 
ceys20s 0 


e. 
v) 
: rh | > 


ue p i" 


‘ 


a 


(2) eaer.o 
(v) asis.0 
(2) aeas.0 
(@)£01€.0 
(tT) 0neS.0 


 “s 
a 
aA : 


Ses 


Ba 
a 


— ¢ 
, 
D 


a. 


— 


7 


= 
_ 
= 


ok 8888. 


- 


alae 


> 


58 


a 
e 


GaBedados 


nm a 
| a 


aoe 


Table 32 


ATOM 


(continued) 


x 


yy 


(b) Phenyl Hydrogen Atoms 


Hl 


H2 


H3 


H4 


H7 


H8 


HES 


0.7990 
0.8613 
0.8243 
0.7250 
3.4259 
0.27% 
5.085 
0.4840 
0.4809 
0.5058 
0. 5937 
3.448 
2285 
1.748 
0.4267 
6.3625 
0.4182 
0.4978 
0.281 
2.406 
4.929 


0.1945 


0.2619 


0. 2152 


=W..05 a6 


=-0)..0880 


0.1029 
0.2184 
0.3948 


0.4557 


0.0982 
O29 9 
(ORE ote Rees! 


0.4509 


0.0016 


0.1446 


Oe eS | 


0. £231. 


Ons: 


0.5229 


0.6663 


0.6530 


0.4962 


— i 0fe5 


=. 660 


-0.1949 


-0.0846 


0.1020 


$.¢ 
vr) 
0.0 
be 


Leb 
v<b 
va 
£.% 


a. 


esse .0 
£933.0 8s 0 
ofza.0 ' gpee.0 
s2eh.0 Tea .0 


osor.0 


ha5 


Table 32 (continued) 


ATOM x y Z B 
H14 On LSO9 =O las 0.0773 Siege 
HS 0.0674 =e 2020 0.2004 520 
H16 0.0556 = aor 0.3482 535 
ekg Os L32 40597 053730 

D Sa FOL 

E 0.931 

F oe Fe 

H18 0.0905 0.2414 O06 2452 

H19 0.0436 053989 0.2939 

H20 0.0944 Ono LoL 0.4100 

Hae OAL 22 0.4816 0.4685 

H22 OG, Zak O3241 0.4154 

D Daal ao 

E Pragl 32 

F 5.465 

H23 055305 0-07.73 Dc2a9 

H24 0.3994 00153 OoeS/ Aas 

H25 0.3770 Oy 0.5486 

H26 0..2956 OOS. 0.6052 

H27 O° 2166 OeL290 0.4856 

D 2.9020 

E Le ae 

F 6.134 


a . 

r.2 EvTo,0 
0.@ ‘pODS.0 
2.2 SPE .0 
ba orre.o 


- 
7 - 
: — 
i 
= 
= 
7 - 
_we 
= 


2.2 eeus.0 ‘eBeE.O a ae = 

2.2 onrd.o “£ef2.0 ‘9820.0 ose 

£.2 eB .0  pren.o ‘sset.o isn 

t.) beLd.0 mscso=——“(<«té‘é ESC ssn 7 

| ewe  @ 

sere 
ape a p 

re eee. evto.0 cr a 

1.3 este .0 “£100.0 

e.2 agoe.0 VOLO .0- 

£.2 seoayo ‘fe20.0 

c.. s2Bb.0 oest.0 


Table 32 (continued) 


ATOM 


H28 


H29 


H30 


x 


0555 


0.1836 


0.2814 


OSS. 


0.8230 


At Sth 


Pan Gs 


5.467 


x 
Oy, 1957 


0.2756 
02 3364 
0.3173 


022374 


Zz 


0.0691 


-0.0864 


-0.1034 


0.0352 


0.1909 


136 


*These values are equivalent isotropic temperature factors ®t 


corresponding to the anisotropic thermal parameters shown 


an Table 33. 
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Nb-S2 
Nb-S3 
Nb-S4 
ND=S5 
Nb-S6 
As-C41 
ASC aL 
As-C6l 
As-C7J1 
Si o2 
S3-S4 
Saag 
Si s3 
Silo 
Soo 
S2-S4 
C24-C25 
GP Siar RYAD 
C26-C21 
E3il=C32 


Ca2-Coc 


TABLE 34: 


DISTANCE 
20820 (2) 
2.442 (2) 
2,458 (2) 
Pet: os Ap) 
26 436)(2) 
2yao1 (2) 
1.8914) 
1.883 (4) 
1.880 (4) 
1.896 (4) 
S143 (3) 
pel OOws) 
Se el hOy) 
2220443) 
O22) 
3.184 (3) 
5.24513) 
Peo Tell?) 
A EG NO 
eo oo 0 ) 
bed C0) 


Os CL) 


INTRA-IONIC CONTACTS 


ATOMS 
S2-S6 
S4-S6 
op BOM kal 
s2-CL6 
S322 
S4-C26 
So-C3L 
56-030 
Cie Lz 
Cis 
Cil3-Ci4 
C14-C15 
CiL5-C16 
Clo-Ci1 
Cele 
pS Oa 
C23-C24 
C3a3-Co4 
C34-C35 
C32-C36 


C36-C3 1 


(A) 


DISTANCE 
Jey Ok) 
34294 (3) 
BAe ROTA) 
1.74017) 
Pea) 
1.760.(8) 
oa Ua 
Ve7o0 C7) 
Pe A029) 
Le 35610) 
139810) 
1.374 (10) 
EE eA GD) 
1.424 (9) 
1.410 (10) 
P3962) 
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US es 5S 1 Me Ee 
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Bee ye Bek C28 
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(ELV ene. £ 
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($) 228.6 
tbe 508 5. 
($)€68.£ 
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TABLE 35: 


ATOMS 


Sl=-Nb=-S2 
S3-Nb-S4 
S5-Nb-S6 
SI-Nb-S5 
Si-Nb-S3 
S3-Nb-S5 
S2-Nb-S4 
52-Nb-S6 
S4-Nb-S6 
S1-Nb-S4 
S1-Nb-56 
So-ND-S2 
S3-Nb-S6 
So-No-sS2 
S5-Nb-S4 
Nb=S1-Cll 
NO-oz LG 
Ci Ga 
Cis=ClA-Cis 
Cia-Cis-CiG 
heal asl © IN SSK Ge 


ClG-Cli-Cil2 


INTRA-IONIC ANGLES (DEGREES) 


ANGLES 


80.40 (7) 
80.47 (7) 
80. L3.(7) 
84.87 (7) 
se DR oe 66 
Sl 2138 (7) 
83.46(7) 
Ole 0 25G7) 
84.81(7) 
LSS 2 ok) 
134552 0h) 
iG. Gdary 
1365 DUCT) 
135.6317) 
P38..86 (7) 
OG. 52) 
106.3) 
ST es eos Or) 
120. 0107} 
ete eek) 
L202 007) 


LOG) 


ATOMS 


Nb-S3-Cl1 

NB-S4-C26 

Nb=S5-C3l 

Nb-S6-C36 

Si-Cli C6 
S2-ClG-CiL 
Seal OP IES GING) 
S4-C70-C21 
So-Ge1-C36 

SO2C3G-CoW 
Cail=As- Col 
C41-As-Cé61 
C4l-AS—C71 
Col-As-CoL 

Co As-G7i 
Cod —As- ui. 
Cib=Ga2 Cas 
C25-C26-—C2)) 
C26-C 21-22 
Coie se-C a5 
C22-C33-C34 


C33-=C34-C35 


ANGLES 


VOSS543) 
LOSe 43) 
LO Gs tts) 
EO6-0 (3) 
LZ205206) 
deo Oe) 
Tio 27 (0) 
ZAM Ie WA ey ) 
betes ie: ey) 
eon 
11026 (2) 
LO Gal 2) 
10920 (2) 
103-6 (2) 
LOSI 02) 
114.6 (2) 
U2 BGs.) 
120.0°Co) 
Oot C3) 


P2i ts) 


203.0.) 


Vie e) 
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(e)2.20% 
(€)b.80L 
(€) £.901 
(€)0.a0L 
(a).0S% 


(2)0.eff 


(ap .eLn 
(ay L.18! 
(apr. tt 
(a)e@-eLL 
($)2.0£f 
(S) 1.908 
($70. 20£ 
(S)a.e04 
($)@.20L 


(S)0.011 
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(ey tite 
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L2D-eA-1d9 


tad-pA-{hD 
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(TV) Ee.2f£ 
(0) 93 EEL 
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(£) 1.305 
(o)e.e5L 
(¥)0.0S2 
(ep Suse 


Evy 0.084 
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Table 35 (continued) 


ATOMS ANGLES ATOMS ANGLES 

C2l-Cz2-C23 te 0 C8)) G34-C35-C36 120.445) 
C22-C23-C24 AOA 9 ) C3e-Gs0-ca) LZO72 547) 
C2 3-C24-e25 bei 5 (1.0) C30-Cal-C32 1285047) 
€24-C25-€26 RIE s 89) So-ol 58.80 (6) 
S6-S2-S4 61.69 (6) poh lee ie feaan a 61.83 (6) 
S2-S4-S6 58216 (6) So>o 0-5) 39687 (6) 


S2-S6-S4 60.15 (6) 


_ 1c 


(8) d-08L 


(vy2.08f 
(0) 0.004 
(a) 08.62 
(a) 8.48 
(ay TE. ee 


SE9-169-989 
‘2e-L2-£2 
(e-ta-te 


[#-22-€8 


ATOM 1 ATOM 2 


Sl 


Sl 


Sl 


wel 


onl 


S2 


oo 


S4 


S4 


S4 


SS 


S6 


S6 


S6 


S6 


eis. 


C35 


C34 


C32 


C3zZ 


C31 


Cou 


H9 


H21 


C5 


° 
TABLEV3S6: INTER-IONIC CONTACTS (A) 


xt1, ¥, Z 


SYMMETRY OPERATION ON ATOM 2 


1/2-x, 1/2+y-1, 1/2-z 


LZ, L/ 2-3; 
x+l, y, 2 

Ly 2X Le) Dave, 
by Os on oe AE EO Aces A 


Lhe 1 2ey 7 


1/2+z-1 


1/2+z-1 
1/2+z-1 


1/2-2z 


1/7 2-x+), 1/2+y, 1/2-2 


72-3, Wy 2ty., 
Vax; le, 
=P v5 ztl 


L/ 24x 2 =F 5 


1/2-z 


1/2-z 


1/2+z 


L/2=x41s, 2/247, 172-2 


17 2-x4+1, 1/2+y,, 1/2-z 


1/7 2a V 
1/24) 2/ 2-9; 
L7 2+, L/i2-y, 
x+1, y, 2 

1/2+x, 1/2-y, 
1/2+x, 1/2-y, 
1/2+x, 1/2-y, 


1/2+x, Wi2=V 5 


1/2+z 
1/2+z-1 


1/2+z-1 


1/2+z-1 
1/2+z-1 
1/2+z-1 


1/2+2-1 
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DISTANCE 


Zeon 
2.942 
3.409 (6) 
3.607 (4) 
3.061, (6) 
BAS NS 
2.820 
eRsse KONI 
CARWASH GSM 
3.640 (5) 
3.048 
yee 8): 
Seto) 
3.<606.(8) 
35 630/(5) 
Sie Oe 0) 
3. 668,(9) 
3.05.0 
BAG SESE 

Je G29) 
2.909 


3.495 (8) 


Cheuk 
ghe.8 
(aeon€ 
cap roa ve 
captaave 
ei, 


roe. 
(2) Eke. 
(2) 080. 


anmnuAawn wn 


apo. 
g0e.s 
ceyeae.e 
(8) 300.€ 
(2)022a. 
(ORI SL2 0€ 
(2) 688.€ 
B£0.£ 
fta.% 
(e)sea.€ 
ene .s 
(0) 2b .€ 


f-stS\L «¥-S\L seeS\ 
s-S\0 ,YAS\l .x-S\L 
a-8\5 UrS\L y fee-S\0 
s-S\i ves\i \xnS\E 
s-S\I ,yeS\l .x-S\l 
tes .y tex 
stS\f ,yeS\i xfs 
e-S\L yeS\L .fte-S\l 
E-S\2 vyeS\E L4x-S\0 
eeS\l ,yoS\i aeeS\c 
LepeS\L vy-S\i «xts\i 
PaeeS\l ayrSML yxtS\l 
| & .¥ vex 
{-eee\f p¥rS\l .xes\l 
T=eeS\E yyrS\i 4 x+ 
f-sG\1 «yeS\L .xt8\l 
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Table 36 (continued) 

ATOM 1 ATOM 2 SYMMETRY OPERATION ON ATOM 2 DISTANCE 
cai C44 if/2es, 1/2+y, 1/2-2 3,638 (9) 
C238 H18 1/24n, if2ev, 1f2r2 2.628 
C28 C52 1/2es, L72ey, 1/242 3.606 (11) 
C25 H28 1/7 okx, 1/7 2=Vell/2rZ 2.942 
C25 H8 X+l, y+l, z+l 2.980 
C25 C25 X+1, ytl, z+tl 3.527 (27) 
C26 H15 DJs 1/24 y701/ 222 2.886 
C26 C44 1/2=x%, 17249 ,11/2=2 3.472 (8) 
ea Bi Cos 1 oe wean ey Aer tly Wee aml 3. 400:(9) 
CL? H20 1/2-x, 1/2+y-1, 1/2-2 3.049 
Ci? ee: Wee pe ee 33685 (9) 
Cil3 H6 Daas i at Zell 8 
CLs Cis Spy 2 32549110) 
CLS jee na Ae Be 22966 
C16 H16 U7 2]. 1/722, 7 2-2 2947 
C42 C56 1/2-x, 1/2+y-1, 1/2-z aCG76 (14 
c44 H32 1/2-x, 1/2+y-1, 1/2-z 26 
C44 C76 1/2-x, 1/2+y-1, 1/2-z S52 60G?) 
GAs H31 1/2-x, 1/2+y-1, 1/2-z 2.947 
C45 Hiz2 Li Uree lew lf 2-V yl fete 3,023 
C45 Cis 2s 2 yp 722 325778) 
C45 C76 7 22x / 2ty-b, 17 22. B2099 (7) 
E48 Co3 1/2-x, 1/2+y, 1/2-z Se Oy oie) 


SO“VATEIC 


(®) 8£9.€ 
ise.s 
(££) 808.€ 
hes 
ope.s 
(ety 42 ,€ 
age.s 

(g) ste 
(2) 00B.€ 
eA0.£ 
(@)283.€ 
aee.s 
(OL) @be .£ 
aae.s 
rpe.s 
(f)ata-e 
peels 
(ryeoa.e 
reese 
eso.e 

(a) tte £ 


(tT) ee. 


(estas 


SME Ho 
{+e , 049 14% 

fee (fey .14% 

S-SNE \YtS\L \e-S\E 
s-f\E .¥tS\l yx-S\l 
i-s4+S\f a x81 
2-S\I .FeytS\L yee B\L 
[-n4S\L .yoS\L \xtS\l 
I-s «vy Xx 
= .¥ «XX 
= iY a 


S-S\L .VtS\I .x-S\i 


s-E\E .f-yrS\i .x-S\i 
S-S\0 .f=yrS\i .x-S\I 
e-E\L .f-yeS\2 ,x-S\I 
S-S\E ,feyes\l ix-S\l 
HEE sWAS\E .I-x+8\I 
SHO\L AEN \x-S\1 


Table 36 (continued) 


ATOM 1 ATOM 2 


C54 
C54 
Co5 
C64 
C65 
C65 
C66 


H9 


H23 


Coz 


H23 


Cis 


H1 


C74 


H1 


H20 


SYMMETRY OPERATION ON ATOM 2 


1/2-x, 
1/2-x, 
1/2-x, 


L/ 22k, 


D2 y  ly/2rz 


1/2+y, “1/2=2 


1f2t+y, 1/2-z 


1/2+y-1, 


1/2+x-1, 1/2-y, 


1/2-x, 


Wy ila, 


U2 x1 2—y , 


1/2-=, 


1/2+y-1, 


1/2-z 
1/24+2z 
1/2-z 
1/2+2z 


1/2-z 


DISTANCE 


28173 
3% 07447) 
aie N 
Seo eG) 
Pre o 
3739) dC) 
3% 095 


2a JOU 
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Bty.s 
(T)ave.£ 
a2e.$ 
(8) vee .€ 
f£T.8 
(8) 1TZ.£ 
#20 .€ 
O8£.5 


(A) 


(B) 


(C) 


(D) 


(E) 


TABLE 37: LEAST SQUARES PLANE CALCULATIONS 


ATOMS FORMING PLANE: Nb, Sl, S2 
EQUATION GF PLANE? -0O78413% 4 0, 3696Y + 0.39537 


ioe | AaAg= 0708 


ATOMS FORMING PLANE: Nb, S3, S4 
BOUATION OF PLANEZ@S020693% — 0. 2315y 440059672 


tel 6 iO. 0 


ATOMS FORMING PLANE: Nb, S5, S6 
EQUATION OF PLANE: —0.0706X + 0.45937 4 0.98772 


= 979 28 =e 00 


BIOMS  FORMING* PLANES gmody,) of, “Clie Cl2, (Cis, ClZ 
gi a 
EOUATION OF (PLANE == -U0.0239X% + O07 3044V + 0.71982 
Oey ou he oO) 


° 
DISTANCES OF ATOMS FROM PLANE (A): 
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Sl OU tae S2 0, 009 (2) 
oa a -0.048 (7) Ci2 0.041 (7) 
Cis 0.078 (8) C14 0.010 (8) 
eS -0.071(8) C16 =—Q5086 (7) 
Nb -0.7144 (6) 


ATOMS FORMING PLANE: S3, 54, C2i, C22, C23, C24; 


C25 eC26 


et 
et2ee.0 + Yeeae.o + 
* 0.0 = Oe Je 6 7 
12 \ paren | sees 7 
ta .£2 , oe s8MAIG OUIMROT opts ‘ 
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Table 37 (continued) 


(F) 


(G) 


EQUATION OF PLANE: 0.9191X - 0.3096Y + 0.24382 


= 11. 26053'—-0-50 


° 


DISTANCES OF ATOMS FROM PLANE (A): 


S3 0.004 (2) S4 0.004 (2) 
C21 -0.090(7) Cae -0.012 (9) 
23 -0.067 (9) C24 0.060 (9) 
C25 -0.023(8) C26 -0.067 (7) 
Nb -0.7099 (6) 


ATOMS FORMING PLANE: S5, S6, C31, C32, C33, C34, 
Gol 1 i 48 | 
EQUATION OF PLANE: 0.2788X + 0.0011Y + 0.96032 
=—*6..0977 = 0.0 


° 
DISTANCES OF ATOMS FROM PLANE (A): 


S5 -0.006 (2) S6 0.001 (2) 
C3t 0.036 (7) oe ¥ -0.042(8) 
sae —02052 (9) C34 -0.004 (9) 
C35 0.057 (8) C36 0.055(7) 
Nb 0.6869 (6) 


ATOMS FORMING PLANE: Sl, S3, S5 

EQUATION OF PLANE: -0.3396X% - 0.9393Y + 0.04842 
+ 5.3688 = 0.0 

DISTANCES OF ATOMS FROM PLANE (A) : 


Nb 1.5787 (6) 


ATOMS FORMING PLANE: S2, S4, S6 
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Table 37 (continued) 


EQUATIONION BLANES =032423X% = 


+ 8.5348 = 


DISTANCES OF ATOMS FROM PLANE 


Nb 


So 
xe Y and Z are in A and refer 


dinates along a, 


TABLE 38: 


ATOMS IN PLANE 1 


ND; O17, “oz 


NB ol, oz 


NDy Ss, 04 


Nb, Sl, S2 


ND) o3;,. 04 


ND; S2, ob 


Sy oo oe 


mi. Jeo (6) 


Jays, Pre kats 


ATOMS IN PLANE 2 
ND, 23, 54 
Nb, 55, So 


NOP oy tO 


St so cli Cie 


Clay 4Clo, Cio 


Se are Gata ae (Oye 


C24 ,.-C25, C26 


Boyer 0, Cob, (Cass 


Coa C35, ooo 


S2, S4, S6 


OmaSSOV i+40205457 


aE 


to the orthogonal coor- 


DIHEDRAL ANGLES BETWEEN SELECTED PLANES 


ANGLE 
He Sr Bo 
tye Orta 
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C33, 
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DESCRIPTION OF STRUCTURE 


The portion of the molecule of major interest, 
i.e. the Nb (bdt) , anion, is shown in the three 
dimensional representation in Fig. 14. The metal 
is surrounded approximately equidistantly by six 
SULEUr. atoms inthe Lorm Of a trigonal prasm, thus 2 
has approximate Cay symmetry. The dithiolene ligands 
radiate from the metal in a "paddle-wheel" arrange- 
ment as was the case for Mo (bdt) 3 and thevother tri- 


120 ls OF 2 The prism 


gonal prismatic dithiolenes. 
is not however as regular as that in Mo (bdt) 5, 

with a significant range in niobium-sulfur distances 
from 2.428(2) A to 2.458(2) A. The mean Nb-S 
distance (2.441 A) Usealsowsigniticantly longer than 
the Mo-S distance (2.367 A) in Mo (bdt) 3 and thus As 
the longest metal-sulfur distance observed in any of 
the trigonal prismatic molecules (Table 48). 

It is interesting that in the previous trigonal 
prismatic structures the metal-sulfur bond lengths 
had been amazingly constant, considering that the 
covalent and ionic gee ee of vanadium differed, 
by approximately 0.07 Ay from those of molybdenum and 
rhenium. Nb (bdt) , is therefore the first example of 


a prism in which this is no longer true; the Nb-s 


° 
distance being approximately 0.11 A longer than 
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A PERSPECTIVE VIEW OF THE Nb(S5C H,) 3 ANTON. 
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Fig. 
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the metal-sulfur distances in the three other prisms 
and also 0.074 A longer than in Mo (bdt) , (to which 
this comparison is most useful). The increase in 
metal-sulfur distances progressing from the molyb- 
denum to the niobium complex is approximately con- 
sistent with the corresponding increase in the metal 


33 


covalent radii. Although the values for the metal 


covalent radii are ambiguous (especially for Nb (bdt) , 


Since the extra electron will expand the niobium 
orbitals increasing its radius from that of the neutral 
species), a very rough comparison is obtained using 
Pauling's values. This yields a predicted increase 
in metal-sulfur bonds of about 0.05 Rewheu calculated 
using the neutral atom radii. 

The constancies of the metal-sulfur distances 
in the previous trigonal prisms, in spite of differing 
metal radii, had been attributed as a consequence 
of proposed interligand S-S Menace = Thus the 
difference in Nb-S distances compared with Mo-S 
distances tends te indicate a possible breakdown 
in S-S bonding and an expected increase in S-S 
distances. Because of the relatively fixed ligand 
bite this should manifest itself in longer inter- 
ligand S-S distances compared to intraligand S-S 
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mean interligand S-S distance (3.231 A) being sig- 
nificantly longer than the intraligand S-S distance 
(3.1 50 Ae Here again slight distortions are obvious 
with a range in interligand S-S distances from 3.178(3) 
to 3.294(3) A. 

The sulfur-carbon distances (1.745 A), although 
Similan to the others¢risidithiobenes, are longer 
than any observed previously and more significantly 
are longer than those in Mo (bdt) 3 C7 2 F A) where the 
same ligand is involved. Thus the sulfur-carbon 
bonds have less double bond character in the niobium 
complex and the ligands are therefore more dithiolate 
and less dithioketonic in character than for Mo (bdt) 3. 
The mean carbon-carbon distance within the ligands 


is again consistent with those observed in benzene” 


and in several disubstituted benzene Lee yas cn 
as mentioned in Chapter VI. Again, as was the case 


for Mo (bdt) there is a wide range in C-C distances 


3" 
(Fig. 15). From the diagram showing the average C-C 
bond lengths one sees that the C2-C3, C3-C4, and 
C4-C5 distances are significantly shorter than the 
other three. This may be interpreted as indicecing 
some contribution from the dithioketonic formulation 


but this simple interpretation should not be made 


in the absence of a full analysis of the thermal 
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DIMENSIONS WITHIN THE DITHIOLENE LIGANDS. 
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parameters and an assessment of their effect on the 
observed uncorrected bond distances. 

The intra- and interligand S-Nb-S angles average 
80.35° and 82.88° respectively and are therefore an 
indication of the slight distortion from trigonal 
prismatic coordination. Possibly a more significant 
indication of the distortion, however, is the range 
in the interligand S-Nb-S angles, from 84.87(7)° 
PO e512 -70S (7)... (ie S-NDb-s angles, involving sultur 
atoms approximately trans to each other, average 
f35.06° alc) iS"again Similar to the value: of 136 (1)- 
found in the other prisms. 

The two triangular faces of the prism deviate 
slightly from being parallel, the angle between their 
normals being 0.6°. In addition the angles between 
the NbS, planes, as shown in Table 38, are all close 
to the expected 120°. The Nb-S-C angles average 
105.9° and are all in close agreement with each other. 

The S-C-C angles (S.-C) -Ce and Spe - Cy in 
Pics 15) average [20-1 and are, close to Che Sxpected 
Value of 120°. This good internal agreement of 
the Nb-S-C and S-C-C angles adds further proof 
that the deviations in the interligand S-Nb-S 
angles are indeed significant. 
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As was observed in Mo (bdt) 3, Mo (S,C5H5) 34 
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and Mo[{Se C. (CF ) },, the ligand planes again 


2 3 ye 


deviate considerably from the corresponding MS. 
planes. These deviations are more regular in 

Nb(bdt), than in Mo(bdt), (see Table 49). Their 

mean values, 22.4° and 21.4°, respectively are however 
in good agreement and both are larger than the 

values of 18° and 18.6° observed in Mo (SC5H,) , and 


], respectively. That these dihedral 


Mo [Se,C. (CF3) 5 3 
angles are irregular in Mo (bdt) , yet regular in 

Nb (bdt) 5 is probably a consequence of packing forces. 
The flexibility, afforded by the rotational freedom 
of the phenyl groups of the tetraphenylarsonium 
cation, allows effective packing without major 
deformation of the ligand planes. It is probable 
then that the structure, observed in the crystal, 
closely approximates the structure in solution. It 
is interesting that this bend of the ligand plane 
from the MS. plane has been observed inthe trigonal 
prismatic molybdenum dithiolenes and also in the 
molybdenum diselenato complex, and now has been 
observed in Nb (bdt) 3, which is isoelectronic with 
the molybdenum analogue. In contrast, the ligand 
planes were found to be coplanar with the MS, planes 
in both Re(S,C,Ph,),- and Sateen «5 aan 


A three dimensional representation of the 
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Nb (bdt) , anion and the tetraphenylarsonium cation, 
viewed down the crystallographic b axis, is shown in 
Fig. 16.°°The geometry ‘of the cation vs..quite normal 
with no unusual features. The arsenic atom is sur- 
rounded in almost perfect tetrahedral coordination 
with the C-As-C angles being close to the predicted 
109.5°, and all deviations from this value are easily 
explained by intermolecular interactions. The arsenic- 
carbon bonds are similar and the mean (1.888 A) 
approximates the value predicted from the sums of the 


ere Oe 


fe) 
covalent radii (1.94 A), assuming an arsenic- 


carbon single bond involving sp* hybridized carbon 
atoms. These observed bond lengths agree favourably 


163,164 


with other determinations where the tetra- 


phenylarsonium cation was involved. 
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CHAPTER VIII: THE CRYSTAL AND MOLECULAR STRUCTURE 
OF BIS (TETRAMETHYLAMMONIUM) TRIS 
(BENZENE-1,2-DITHIOLATO) ZIRCONIUM, 

([ (CH 


#) ANNES C al) 


EXPERIMENTAL 


Bright? pedi crystaisr of (cn N],[4r(bdt) 3], 


3)4 
suitable for single crystal X-ray diffraction studies, 
were kindly supplied by Dr. Takats and Mr. Martin. 
These crystals were prepared?*> by the reaction of 
sodium cyclopentadienide and benzene dithiol and the 

] 


subsequent reaction with ar [N(C. and crystal- 


Dobra 
lization with tetramethylammonium chloride. Pre- 
liminary photography showed mmm Laué symmetry indicating 
an orthorhombic space group. Systematic absences 
determined by Weissenberg (0k2%, 1k2; CuK , X-radiation) 
and Precession photography (h0%, hlg, hkO, hkl; 

MoK | A—radiwiathwvon)ieareah00e th ="2m + 2) mandw0k0: 

k = 2n + 1 consistent with the space group P2,2,2. 
Precise lattice parameters were obtained at 22° from 

a least squares analysis performed on the setting 

angles of 12 high angle reflections, accurately 


centred on a Picker automatic four circle diffrac- 


tometer, using CuK | X-—nadiakion je The resulting 
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cell parameters and estimated standard deviations 
are: @ = 9/931(2) A, b= 14.368(2) A, ¢ = 11.098(2) A 
The observed density [1.38(2) g Gre fe obtained 

by floatation in a mixture of chloro- and bromo- 
benzene is consistent with the theoretical value of 
93 Oleg cm >, calculated assuming two molecules with 
formula weight 660.19 a.m.u. occupy the unit cell of 
volume 1587.9 nee Since the space group P2,2,2 

has four general equivalent positions, the 2x (bat) 5” 
dianion is therefore restricted to having 2-fold 
symmetry and must sit on the crystallographic 2-fold 
axis. The two tetramethylammonium cations can either 
be related by the two-fold or sit on the two-fold 
axis . 

Intensity data were collected on the Picker 
automatic diffractometer using CuK | X=radiation f1il= 
tered with a’0.0005" thick nickel foil and using a 
2° take-off angle. The crystal was mounted ina 
general orientation but with the a* axis approximately 
coincident with the ¢ axis of the diffractometer. 

A coupled 20/w scan technique, with a scan speed of 
Ys Fees Bis was employed for data collection with all 
unique reflections with 26 £ 125° being collected. 
The two theta scan range for each reflection was 


Fe 226 where 430 corresponded to re - 26 (K pas 
2 


Bel 


yisd aminouggs eixs *a edd ddiw jud noitstnelxo' {si9nsp ’ J 


anoissiveb birsbas 
(S}800.L0 =o A (SP BE | 
bontetdo t® “no ara to asaioce 
~omord bre -oxofdo 2o skigtither 6 ni asubil 

to sulsv Isoksexosds oft ditw Jastetance ek ones 
dsiw ealuselom ows pnimuaes betsivolso ome. B ME. re 
jo ifeo tiny siz yvquace om. OL.090 AE DE = , 
go ;St quoTD s9sq8 ait esate “he e '82f smlov s » 
Pebabas eit lenottieag tasisviups {sxzemep wot and” 7 
blol-< pnivad of Betolweer srolezeds ek sidkast’ : 
bfol-S sitiqeszpolflesey3z6 ed? no tie teum bas yatommye. 
tetitie asp enottso moLnoanel yitemexs—s) ows eit .etxs 
biot-ows edt no tha xo blot+ewd ef? yd betakes ed” 


>o 


1e9A0l? efs no batosifoo -ezew steb ytiensial + / 


~[i% pobisthss-x* Pacaied piiaw TesemosoBATTIS oljsmosus 
6 pated Bra Liot lodata Apine "2000.0 « dsiw be1sd 


6 at bedavom saw Lateyzo edF .ofpas Bo-eAsy °S — ; 


_1ssomodonT ib ed 30 ekxs 9 oft cdtiw tnobtontoo 
lo boeqe asoe s dvilw ,eupindoss nse w\es befquoo & 
Its tiv cottoel Loo sish 202 beyotqme sieg Tabet. = 

.betpatios pniad “881 2 08 dtiw anoisosliex suphne 
ew noitegiie: dyes sob epnss mos as iv 


ie 
‘ipef 
(es = whe omen, oc” sod + ete 


‘ 


eee 


a ten ) oe 


159 


Forty second stationary background counts on each side 
of the peak were recorded and assuming linearity of 
background, intensities and standard deviations in 

the intensities were calculated as shown in Chapter 

Del Sin Gece De eCLOT ea .Ote) 209s IAUcointidlat ton 
counter was used in conjunction with a pulse height 
analyzer, tuned to accept 95% .-of the CuK , peak. 

Three standard reflections were collected automatically 
every 100 data reflections. In addition several 
additional reflections were collected manually to 
assess decomposition. No significant decomposition 
was observed so no correction was necessary. 

Of the 1403 unique reflections collected, 1054 
were Significantly above background using the criterion 
t/o(L) <23..0...The Signiticantdataswere -then reduced 
to .structure factor amplitudes_by .correction for 
Lorentz, polarization and absorption effects. Standard 
deviations in the structure factors were again cal- 
Culateduds sn cChaptcens iL; 

The crystal faces were identified and their 
perpendicular distances to an arbitrarily chosen 
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ledged as a very unusual choice, but its position is 
most consistent with the indices chosen, since 
it is opposite to the (0,0,1) face but inclined to 
BEMby about is smithe sabsorption eoefGictent:® LOr 
CuK, X=radiatironsist66.63 em7t, leading to a range 
Hn transmission Gactors,;from,07756 to 0842387 

In the original data collection several irreg- 
ularities were observed. These occurred as "pulses" 
in the counter and their exact cause was unknown, 
but was probably due to some electronic device con- 
nected to the diffractometer power line. The reflec- 
tions where this was actually observed were rejected. 
However it was believed (on the basis that several 
hess values were extremely high) that these pulses 
Had oecurmed throughout tthe data collection. “*For 
this reason the hk& data were recollected along with 
tnewhk? rdatarsoral three edata sets icould “be compared 
and faulty reflections could be excluded. The second 
hk& data set was merged with the hk& data to obtain 
improved standard deviations. In this merged data 
set the number of statistically reliable reflections 
increased to 1126. The same data collection tech- 
niques were used for the second hk& data and the hk 
data as was used for the original hk data. Terms 
used in the Zachariasen extinction correction were 


calculated at this stage. 
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TRUCTURE SOLUTION AN NEM 

A sharpened Patterson mapt?® was computed between 
the*FimitS O=esnes "05s, 0 Sy S60, Spa0maty 0 tos 
Since the zirconium atom is restricted to lie on 
the two-fold axis, the Harker vectors are located 
at if27 £72, 227 and” 1/727 1729 *-22 7 9s0 *ehetsolution 
is trivial yielding the coordinates for the zirconium 
as (OT07"C.07 +0189) *trom the™largest*vector*at 
(O65, 07577°0.3783). The next’ six+most’ mntense* vectors 
could be interpreted as Zr-S vectors about either 
the origin or the Zr-Zr Harker vector. From initial 
insvection of the placement of these vectors, it was 
evident that the zirconium coordination was close to 
octahedral and was definitely not trigonal prismatic. 
Due to the extra symmetry of the Patterson, care had 
to be taken in choosing the vectors to represent the 
three independent sulfur atoms, in order for the 
model to phase correctly. Several arbitrary choices 
can be made initially. The Sl position was cal- 
culated from the vector at (0.05, 0.168, 0.0) yielding 
the coordinates (0.05; 0.163, 0.089).. From the 
Vector acy (Oewo, 0.0, 0.18) “the S2 positionswes 
ecalculated?ias (0Vr6,70.0,° 02009)9% ATREe position of: S37; 
however, must be chosen in such a way to be con- 


sistent with the choice of Sl and S2. There are two 
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possible choices for the S3 position yielding the 
POSTELONS* (UF Loo, —Os 0487 09315)Fore (0. 28576020489 
0.315). A choice between the two was made on the 
basis of sulfur-sulfur vectors which showed the first 
position was correct. 

In the first refinements, involving only the 
Zz_rconium and sulfur’ positions, the y coordinate of 
S2 was not refined, since it was possible that it 
could refine in the wrong direction and hamper the 
phasing. A brief resumé of the refinement is shown 
am Table+ 39% 


TABLE 39: REFINEMENT OUTLINE 


MODEL Ri Ro 
(1) §}=2r rand’ S*atons 022979 -05384 
(2) Gomptete anion (1s0tropic’ Bs) OSS 2468238 
(3})9" Anton and Cation® (isotropic’ B's) OSOSS 7 UT LOG 
(49 "Anisotropic 2r and’ s 0S 0742" “07097 
(5)—*AnisSotropie Zr, oS; “N’ and’ C*atonms 

of tetramethyl ammonium 0.069 0.088 
(6) Absorption Correction 02050-02063 
(7) Change of Hand O05 7 20, 078 
(8) Carbon atoms of dithioléne ligands 

anisotropic OPU4e DPI6T 


(9) Hydrogen atoms of dithiolene ligands 0.039 0.059 
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(10) ~ Extinction correction 020899" 02059 
(11) Merged Data Oe0s 46807053 


(12) —Methyd dydrocens ancluded “as rotors = 0.029 —0.035 
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Structure factors were calculated using the 
atomic scattering factors for the neutral atoms for 
zirconium, sulfur, carbon and nitrogen by Cromer 
and Mann. /> The scattering factors for hydrogen 
were those of Stewart, Davidson and simpson.1 2? 
Anomalous dispersion corrections by Cromer ’® were 
applied to the zirconium and sulfur scattering 
factors (“£1 = -0.62, “£"_ = 2.42, “£1 = 0.31, 

Zr Zr S 
eevee) 58 i). 

A refinement was performed with a change of hand 
for model (6) and the original model was judged 
Significantly better on the basis of a Hamilton's 
R test /? (at the 0.005 significance level). Hydrogen 
positions on the dithiolene ligands were calculated 
from the known geometry and orientation of the benzene 
mings pausing a C-H distance of 1.0 A. The hydrogen 
parameters were not refined. The hydrogen atoms were 
given thermal parameters approximately 10 - 15% 
greater than their attached carbon atom. An electron 
density difference map, phased on model (11), failed 


to locate any of the methyl hydrogen atoms, instead 


only smears of electron density were observed in the 


predicted regions. In addition the tetramethylammonium 


carbon atoms had anomalous thermal parameters, so the 


difference map was inspected for obvious signs of 
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disorder involving these carbon atoms. No signs 
of disorder, however, were obvious. Although the 
methyl hydrogens were not located, they were added 
toi che,structuresLactorscalculationsein therfiarm of 
free rotating rigid bodies.?®° The ideal tetrahedral 
coordination of the carbon atoms was assumed and 
the centres of gravity and angles defining the 
orientation of the "hydrogen triangles" were cal- 
culated using the assumed geometry, and the direction 
cosines of the nitrogen-carbon bonds. 

Model (11), which is the refinement of the 


merged data, contains all the corrections 


performed on the previous models. 


RESULTS 

Observed and calculated structure factor ampli- 
tudes, ae and Fol. are shown in Table 40. The 
final fractional coordinates and isotropic temperature 
factors of all atoms are shown in Table 41. Standard 
deviations were obtained from the inverse matrix of 
the final least squares analysis. Table 42 shows the 


Bie) of all 


anisotropic thermal parameters (U, 
anisotropic atoms. Relevant bond lengths and angles 


are shown in Tables 43 and 44, and were obtained with 
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their standard deviations from ORFFE. Several inter- 
ionic contacts which are comparable to the predicted 
van der Waals contacts??? are shown in Table 45. 
Selected least squares planes are shown in Table 46. 
In addition Table 47 lists the dihedral angles between 
selected planes. 

The numbering scheme for all non-hydrogen atoms 
is shown in Figures 17 and 18. The hydrogen atoms 
Hl through H6 are attached sequentially to the carbon 
atoms (C2 through C9) which are not bonded to sulfur 
atoms. The hydrogen atoms H7 through H18 are bonded 
sequentially in groups of three to carbon atoms C10 
through C13. Since the hydrogen atoms of the methyl 
groups were included as hindered rotors, no individual 
temperature factors are given, rather the temperature 


factors for the groups are shown in Table 41. 
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TABLE 40: OBSERVED AND CALCULATED STRUCTURE 


FACTOR AMPLITUDES (ELECTRONS X 10) 
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1 S07 553 i FF <OG COE 1 2 962 £955 7 oT eIS% 150 1 7 150 145 
2Un TS 7 ate 7) ees) ale) a0 7 1 3 533 537 7 "8 "159" F140 1 9 399 393 
=F HES fin tS ORR ORK) 1 5 635 628 7 10 183 195 1G) eee PES 
ere Fy TST 7a nD e7 1 6 S66 S62 7 11 #158 165 i Sk UES iS 
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TABLE 41: 
TEMPERATURE FACTORS 

Atom x "4 
Zr 0.0 O20 
Sl —0). 1645 (2) =—0)7 003802) 
S2 OO 535 (2) Cad Ate 1) 
S| =o d (2) 0.0474 (1) 
ea =O OG Jet 70) -0.0046 (7) 
C2 Oye ee 4 (60) =O20 20013) 
G3 ~0),.0636:(11) =O, VUSG010) 
C4 =O 053,07) O- 2186 (4) 
(ea) -0.0480 (8) O-3120'(5) 
C6 =O2 boone) Or S729 6) 
CZ —01.2550 (10) U22099-Cs) 
C8 =O. 247543) 0.2068 (6) 
co cod Ma WSUS FLOP GeeLoos (5) 
N =). 49803) =-O52008 (3) 
CLO =—Je 27509) =0.2662 (8) 
(oa ia! ~(Q.9023 (15) -0.1388 (7) 
Ci2 Oa ro. ULL) — (ie od 2:4) 
eis; =-(, 6352 (9) -0.2452 (6) 

RIGID BODIES 
Hl = 230 -0.0170 


H2 =e 


LL 3 =0, JUGS 


ATOM COORDINATES AND ISOTROPIC 


Zz 
-0.18983 (6) 
-0.0132(1) 
~0.2142(2) 
-0.3350(1) 

OL 207(5) 

0.2326 (6) 

0.3391 (5) 
-0.3220(5) 
-0.3527(6) 
-0.4355(7) 
-0.4869(8) 
-0.4570 (6) 
-0.3737(5) 
-0.1384 (5) 
-0.1198 (14) 
-0.0264 (8) 
-0.2393(8) 


=0. 1408 (10) 


0.2308 


0.4177 
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Table 41 (continued) 


Atom x 4 Z B 

D 4.610" 

E 1.571 

F 1. 57 

H3 0.0269 0.3512 -0.3143 6.20 
H4 -0.1241 0.4203 -0.4566 7200 
H5 -0.2981 0.3283 -0.5469 7.90 
H6 -0.3209 0.1671 -0.4949 6.30 
D 3.391 

E 2. SAT 

F 3.747 


HINDERED ROTORS 


H7 -0.3503 -0.2810 -0.1985 
H8 -0.3250 -0.2381 -0.0636 T1200 
H9 -0.4316 -0. 3238 -0.0827 

BARRIER 0.02? 

RADIUS 0.946 

D 0. 721. 

E 123873 

F 0.0 

H1O -0.5980 -0.1260 -0.0060 

H11 -0.4537 -0.0797 -0.0446 21.400 
H12 -0.4571 -0.1722 0.0416 


BARRIER 0.02 
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Table 41 (continued) 


ATOM 
RADIUS 


D 


H15 
BARRIER 
RADIUS 


D 


H18 
BARRIER 
RADIUS 
D 

E 


S 


=O. 3175 

2a 

=0.5078 
OP0Z 


0.946 


LL 


y Zz B 
= UA ee) -0.2447 
=—O707e5 ~Qe2290 Ss 
Oi A =—(QnLee 
=OveooU ego. 
-0.2034 =051053 8.0 
=O. 3065 <0 eh O36 


*Equivalent isotropic temperature factors corresponding to 
the anisotropic thermal parameters shown in Table 42. 


“0, E je andar aregas described tor wvable 32. 


b 


BARRIER (Bd) aS the relative barrier to rotation of the 
hindered rotor group. 


Bd = Vo/2kT, where ve = potential 


barrier to rotation (kcal mol.) 
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TABLE 43: .INTRA-IONIC CONTACTS (A) 


ATOMS DISTANCE (A) ATOMS DISTANCE (A) 
2u-Sl 27990 ¢2) LE-se 22257 ¥2) 
ZE=S3 29939 (2) S2-o3 See Ve) 
Si-si* See ho Ko) Sloes. 3.424 (3) 
S2=S3" 32662 (2) Sl=Ss 32665 (2) 
SiG Perio (6) S2-CA4 Mgr ay Ae Ge 
Se al Coe Lt ATs A) Cr-Cin ¥OS9ECL4) 
Gl-C2 1.410 (8) C2-C0 Pe364{il) 
C3763" Ys366 (22) C4=C5 PES Soto) 
C5-C6 Prseo (20) €6=-C7 pees eS 
CGIH=CS rs OOCLL) Co-ey e400 19) 
C3=-G4 bea 55 (9) N-C1O0O 1.416 (10) 
N-CieE PeosU CEO) N=Ci2 Po462 09) 


N-Cis Peak C10) 


(A) SOMATA 
(s) v2.8 Sess s). 
(spaes.e £a-£2 | (specs. 
(EV RSB.E 'Sa-£2 | (eyers.e : 
(¢)280.€ te-f2 (s)$aa.6 ead 
(aybav.t b9-S8 Le a 
(hE) TOES '£9-£9 (T)ShT.t 
(Lippee.t © Eo~9D (8) OLb.L _ $0 
(epane.t a5-$9 (ssyane-B a 8 
(er aee.t vo-29 (or) ea .£ 9 
(2700.4 eD-82 (rr) age.t 
(of) ott.1 O1D-4 te) SBE .L 
(eysap-t (its ED (oxyoee.t 


(94) 068 1 


TABLE 44: 

ATOMS ANGLE 
Be Vos T2714 (8) 
Ko A Mare he o2206 (6) 
Oh Ate ray 92.40 (6) 
SLaarsoe 8 Fo as ha 
SL-2r—-oS: Spe Doe hl GT bi) 
20-Se3-C4 LOS 2212) 
re I Od ak Oa I P2224 (2) 
ear Cou-C4 ZrO AO) 
Bee (a O05. 12168 (9) 
co-C4—C5 T1320 (G6) 
Co,C6-C/ L19R O13) 
CJ—Co-cy AES HRS Teese SD 
ClO-N-C aL 206. 8 (10) 
CLo-N-Cl3 Pi2.46) 
ii -Cs £03273 (3) 
Se -ol-53 6271015) 
Sia o2—o 5. eg sie ES Je BS 


ATOMS 
S2-LE-o0 
ey ley Au ako a 
Soa Le=os) 
S2=Zr=S2' 
Vy gine Le) 8 I 
ZE-o5eCo 
s2-C4-C9 
Cl—-Ci-C2 
C2- C30 s* 
C4-C5~-C6 
CG-Cy- Cu 
C8-Cy-C4 
ClLU-N-Ci2 
Cii—-N-=C12 
Ciz-N-Cl3 


WA Po rehe beatelh 


INTRA-IONIC ANGLES (DEGREES) 


ANGLE 
79.80(6) 
842517) 
PRCT alas a 
167.7613) 
LO. eo 
108 0702) 
£21915) 
LS) 
TRS RS pees Ie Gi) 
L2US a7) 
Le Oster } 
1192345) 
A UE ee eee 
LOS. eto). 
TE eee Wy, 


Deas Walaa) 


Lio 


- *SIBWA 
(a)0a.e° 
it) L2.00 
(0.0L £01 
ceyay. vas 

(S)0 TOL 

($) 9.801 


(2y@.fal.. 


(2)8.8Lf 
(a)e@,eLt 
(7) 8-LEf 
(3) ¥.08L 
(a) 8.8£f 
(3)7 #02 
(ap L.20£ 
(Tpe@.Sil 
(2) 0 .d2 


&5-fa-38 
&9~-$5-£8 


SD~{[9- "£9 - 


'ED-ED-£9 
89-22-89 
89-92-39 
b)-89-85 

$£2-"-029 

§f9-“-LIS 

Efo-W-S19 

fa-€2~-'S2 


(aye .8L6 
fe)a-ert 
(8)2.ef 
(01)8.04 
(a) s.SE4 
(8)8 £01 
(@)0L.$0° 
(2) @£.S8a 


ATOM 1 


52 


S2 


S3 


S3 


Ci 


Cl 


CL 


C2 


C2 


C3 


C4 


C4 


5 


045 


C8 


C8 


C9 


TABLE 45: 


ATOM 2 


HO 
C10 
H2 
Ccl2 
clo 
CES 
C10 
CL 
C10 
C6 
H5 
Cie 
H6 
C8 
Cis 
C12 


Cis 


SYMMETRY OPERATION ON ATOM 2 


1/2+x, 1/2-y, z-1 
x,y, 2 
ay V5AzZSl 


x-l, y, z2-l 


Ni 


APE ey NBL OA alae 


Ni 


1/2+x r 1/2-y-1 ’ 


Ni 


17 24, 1/7 2-9-1, 


Ni 


RY APE corer a Rye re hs 


N | 


1/2-x-1, 1/2ty, 
1/2-x-1, 1/2+y-l, 
1/2+x, 1/2-y, z-l 
SSL vz 

1/2+x, 1/2-y, z-1l 
1/2+x, 1/2-y, z-1 


x-l, y, Y, 


° 
TNTERSLONICLECONTACTSULA) 
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° 
DISTANCE (A) 


Be0sL 

3.7 8649) 
PENG) 

3. /30( 11) 
3.446 (15) 
Ba Sees 
By SON) 
3.662 (14) 
Seo Cle.) 
3. 154 (12) 
3036 
Sood (ic) 
24032 
3.666 (10) 
36 (AOL 3) 
Bil ae dea) 


3,494 (12) 


10,6. 
(2) a8T.€ 
pees 
(LE) B2T Ey 
(€L) abe.€ = 
(ELveae S yf=yoS\f ,x+8\b 
(ZL) 0ET +E EB ,f-y-s\t xes\l 
(BL) S82.€ E .f-~ Sl ge, 
(TE) EEN AE OE yztS\l  fewrs\t 
(SL) 82T.£ 8 aleerS\E fame SM 
a£0.€ tHE (y-S\0 cxtSML 
(St) VRd.€ | © sG ale. 
cé6.8 £-3 cyeS\L yRtS\L 
(OL) MABE | EE yeS\E tL 
(EL) SOT 6E = .¥ wt-k 
(EL) Set wit shea 


(SI) $28. s ¥ »i-* 


Lyd 


TABLE 46: LEAST SQUARES PLANE CALCULATIONS 


(A) “ATOMS FORMING PLANE: “Zr, Sl, S3 
EQUATIONSOPNPLANE®S OF5985X = 0.2147Y - 0.77182 = 


“haar 


(B) ATOMS FORMING PLANE: Zr, Sl, S1' 


EQUATION OF PLANE: —0.0622x% 4+ 0,99/78Y = 0.0 


(Cc). ATOMS FORMING PLANE Bo27, 55 C4, Co, CO, C7, 
Cos Co.. 
EQUATION OF PLANE? =30.6200X —- 0.2685Y - 0.73722*= 
=1.4221 


° 
DISTANCES OF ATOMS FROM PLANE (A); 


S2 0.000 (3) C6 0.014 (12) 
S3 0.002 (3) ee) -0.013'(14) 
C4 =-0.032 (10) C8 =02016 (15) 
C5 = 015 (LL) C9 0.044 (15) 
ZX =0.1303.(8) 


(DO), sh COMSSPORMINGS VP UANE 2.52, S2" Cin Cl, C2, C27; 
Coys 
BOUATION OF PLANE: -0.0717X% + 079974yY = 0.0 


o 
DISTANCES OF ATOMS FROM PLANE (A): 


Sl 02008:(3) C2 =). 046(13) 
Sy SO7005(5) er 0.046 (13) 
Cal =O. 016 { 10) cs 0.044 (15) 
Cie 0-016 (10) C3! -0.044 (15) 


(EB) ATOMS FORMING PLANE: Sl, S3°, S2* 
EQUATION OF (PLANE: 0591 76X> 4.0, S961Y —90 2033722 = 


-1.5424 
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Table 46 (continued) 


a F : 
x, Y, and Z are in A and refer to the orthogonal 


coordinates along a, 5 and c*. 


TABLE 47: DIHEDRAL ANGLES BETWEEN 


SELECTED PLANES 


ATOMS IN PLANE 1 ATOMS IN PLANE 2 eee 
(2 peti) Oyo ioS LG toe By Oo CO Lee 
(2) LG S25, 553 Ze Slee 1” 104.7 
(3) 552) Oey S S27 See Cy, 

Ciy C8, aGg Seo 
CO) Aiea yao. Si, ol yee Cl, C2, 
CZs Cam Coe URS) 
(oO) 4% S2 po 5, C47 S25 oo, ty Ce eee. 
CSE Co, Cie Cory Cl) 7 CB mee Jon 
ce, Co 


(5) ec ee oa C5, ol ool. ACLs Cla C2 


C67. Ci, “Co, eb C27 res. 109.2 
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Fig. 17: A Perspective View of the recast a 


Dianion, Viewed Down the Approximate 


Molecular 3-Fold Axis. 
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DESCRIPTIONSOPSSTRUCTURE 


The 2x (bdt) 5 dianion, viewed down its approximate 
Cieee-1OLO aeis,)as suown in iq. 17, ana the divanion 
and the two tetramethylammonium cations are shown in 
Fig. 18,.* The dianyonsis located onethe crystallo-— 
graphic two-fold axis whereas the tetramethylammonium 
cations sit in general positions. 

In the dianion, the six sulfur atoms are 
approximately equidistant from the zirconium atom and 
form a coordination polyhedron which is intermediate 
between an octahedron and a trigonal prism. Since 
the ZrS5C¢H, fragments are approximately planar, the 


symmetry of Zr (bat) 5 approximates D The dithiolene 


3° 
ligands radiate from the zirconium atom in a "pro- 
peller-like" arrangement as opposed to the "paddle- 
wheel" arrangement in the trigonal prisms. 

In describing the degree of distortion of the 
metal coordination from either of the trigonal 
prismatic or octahedral limits, two parameters are 
especially useful; the S-M-S angles involving sulfur 
atoms which are almost trans to each other, and the 
projection angle between the two triangular faces of 
the prism (trigonal twist angle). 

In a regular trigonal prism the S-M-S angle 


between pseudo ‘trans’ sulfur atoms is approximately 
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PsGe seal near cecahedronethis angie wig els0%s eThese 
two extremes are shown in Fig. 19, the S2-M-S4 angle 


being the angle of interest. However, for an 


~ a. / 
~~Ss 


TRIGONAL PRISM OCTAHEDRON 


Fig. 19. Trans S-M-S Angles in the Trigonal 


Prism and the Octahedron. 


intraliqand S—2r-S “angle Gf ~ 760°, considering only 
the geometric constraints of the ligand, a trans 
S-Zr-S angle of 170° is obtained as the corrected 
octahedral einbten a de The values observed for the 

zx (bdt)4~ dianion [167.76(8)° and 159.80(7)°] are thus 
closer to the octahedral limit and on this basis the 
mi cone coordination can be described as distorted 
octahedral. The non-equivalence of these two indepen- 


dent values indicates that the distortion is not regular 


and that one Ligand (containing Sl and Sl") 1s 
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rotated more towards the trigonal prismatic structure 


than the other two ligands. 

The other indication of the degree 
f£rom+the*prismaticror octahedral” limits 
twist or projection angle shown in Fig. 
trigonal prism where the two triangular 


eclipsed, this angle equals 0°, whereas 


Orr arvstorLti1on 
is the trigonal 
20S" tre the 
faces are 


in the ideal 


octahedron this angle is 60°. Again however, because 


of the constraint of ligand bite in these bidentate 


ligands, the octahedral limit is not attained. Rather, 


this angle will be limited by the ratio 


g 


of intra- 


Fig. 20. Trigonal Twist Angle Projected 


Perpendicular to the Molecular 3-Fold Axis. 
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ligand S-S distances to the M-S distances. For the 
Zr (bat) dianion, this ratio (1.284) predicts’®® 
(on the basis of minimizing interligand repulsions) 
a twist angle of approximately 48° for the corrected 
octahedral limit. An average twist angle in this 
structure is calculated at 37° using equilateral 
triangles “that correspond *tova “best vflptewithtthe 
observed individual atom coordinates. Thus the twist 
angle differs from the corrected octahedral limit by 
oniysEVes {By comparison, incthe cerueeiren se of 
A1(0,C 5H.) 3 the observed trigonal twist angle (48.1°) 
is essentially that calculated using the constraints 
of ligand bite and this appears typical of structures 
where the only factor favouring the prism is minimization 
of the interligand repulsions. Thus the deviation 
of Ll Seirom the scorrected “octahedral a@limit.is”*sig- 
nificant and indicates a genuine tendency towards 
trigonal’ prismatic*coordination inethis structure. 

The Zr=S*distances (ave 2.7543 A) are longer 
than those observed in the molybdenum and niobium 
trts (benzene dithiol) complexes (see Table 48) and 
thus complete a trend through this series with the 
metal-sulfur distances increasing approximately 


33 


as predicted by their covalent Faaiiit+ As with the 


niobium complex, the metal-sulfur distances again 
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contain irregularities of statistical significance. 
The Zr-S distance within the ligand bisected by the 
two-fold axis [2.555(2) A] is longer than the other 
two independent Zr-S distances [2.537(2) A and 
2.538(2) A]. 

Althoughsthis ‘complex vis “of considerable interest 
inpvelabionntesinetother mtr tsedi thio lenesiy! Ptehis  cailse 
interesting in its own right. The number of struc- 
turally *characternizedVsix .coordinate zirconium 
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complexes is small and indeed [N(CH [Zr (bdt) 3] 


3) 4) 2 
is believed to be the first example of a six coordinate 
zirconium-sulfur complex. The observed Zr-S distances 


° ° 
lie midway between the values 2.49 A and 2.58 A, 


corresponding to the sums of the covalent and ionic 


4+ Pa ENS Ny AOR. 


(25 and Sams) rackuT respectively. 


Tie. inteal Mgand (S=2r=G tangles (av.e 79577 °) 


are slightly less than those observed in Mo (bdt) , 


3 


complete a trend through the series. This trend is 


and Nb(bdt) (S2er2" Sand o80i. 35 > mes pectively ): rand 
due to the relatively fixed ligand bite which does not 
increase as rapidly as the metal-sulfur distances. 
The S-C distances seem to be an excellent 
indication of the tendency of the ligand towards 
either the oxidyzedtor ‘reduced formulations s, In 2x (bat) 


° 
the average S-C distance (1.765 A) is very close to 
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that predicted for a Single bonded sulfur-carbon 


° 
distance (1.77 Ajo ttt 


Thus the ligand geometry 
approximates that corresponding to the dithiolato 
formulation and the formal oxidation state of (IV) 
appears to be a reasonable description for the 
zirconium atom in this structure. This structure is 
important in demonstrating that the ligand can attain 
the dithiolato limit. The carbon-carbon distances 
Within the ligands tev. sit 384 A) are close to those 
observed in benzene.-?° However, aS in the molybdenum 
and niobium complexes, shortening of the Canon bond 
is observed (see Fig. 21), probably due to thermal 
motaen of thesrings.Invaddition, in ligand 1, 

which is bisected by the crystallographic two-fold 
axus, tie! bond’ lengths vary significantly throughout 
the ring. One worrying feature of this ring is the 
presence of anomalously high thermal parameters 
(U,,'S) of the carbon atoms. This seems to indicate 
either a disorder or a systematic error is present. 
The disorder could correspond to the non-equivalence 
of Zr-Sl and Zr-Sl1' distances for a particular model. 
However, this problem is unlikely to affect the general 
eonclusions Of this study. The C-C bondglengths 


within the rings are therefore unreliable and no 


chemical significance should be placed on their 
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S) S2 C5 9 
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Fig. 21: “Dimensions Within the Dithiolene 
Ligands. 
differences. 


The interligand S-S distances are, as expected, 
much longer than the intraligand distances, this due 
merely to the distortion towards the octahedron which 
maximizes the interligand separations. In addition 
the intraligand S-S distances in 2x (bat) 3 are longer 


than those in Mo (bdt) , and Nb (bdt) 5, and are due to 


increasing S-C distances through the series. The 
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° 
SELECTED DISTANCES (A) 


TABLE 48: FOR 
FOR TRIS (1,2-DITHIOLENE) COMPLEXES 
Seas ree 
COMPOUND M-S (INTRA) (INTER) S-C REFERENCE 
Re(SC,Ph,), 2-325(4) 3.032(10) 3.050(8) Wyse 129 
Mo (SC,H,) 3 F331) .10 cep! 70 (3) 130 
V(S3C3Ph5) 5 2.338(4) .060(6) 3.065 69 (1) 132 
: 2=- 
Vise (CN) 5)4° 22361) iat?) 3-20 72(2) 140 
Mo[S,C, (CN) 15 9237314) 3-113 3.188 74(1) 141,170 
2- 
WIS,C, (CN) 015 7.371 (5) Re be Be 3.193 73¢® 170 
Fe[S,C, (CN) 15 2961 (7) BAJA Th oO 731 (4) 2 
In[S,C, (CN) 513, 2.604 (8) .40(1) 3.89(1) 7213) 171 
THIS 
Mo (S,C,H,) 5 PGG 12) 140 t3)e Ge0914e) 1275) Can 
Nb (S,C,H,) 3 2 AALS) 150 (3) 6 3:4232,63) 744 (7) " 
2- hi 
ax (SoC,H,) 3 J 5A3 (2) 26513). 32584 (2) 765 (6) 


ewhere standard deviations 


given in the original paper. 
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deviations are not shown due to a wide range in S-C 


distances. 
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e-o-cC and C=C-C anglesewithin the ligands are all 
close to the expected value of 120°. 

An interesting feature observed in Mo (bdt) , and 
isoelectronic Nb (bdt) , is the large bend of the 


MS, planes from the ligand SoC. 
22.4° respectively). This had also been observed in 


so L52 
Mo (S5C5H,) 3 3) 213 but was not 
SMS a. 


“ reo 
observed in Re (S4C5Ph,) , or V(S5C5Ph,) 3- 


Dlanesa(2l. 4° “and 
and Mo [Se.C., (CF 


In ax (bat) 3 these planes are approximately coplanar, 


the dihedral angles between 2rS. and SoC. 
bewng 3.9° and 0.5%. sAlthough Schrauzer had attri— 


Butea.” the bend observed in Mo (S,C,H,) 3 as due to 


hybridization of the sulfur atoms between sp° and 


planes 


ao) iL is nen ditcicult, to account for, the near 
planarity of the ligands in the zirconium, rhenium 
and vanadium complexes. 

Comparison of the angular parameters in Table 49 
allows the complexes to be placed in order of increasing 
tendency toward the trigonal prismatic structure. 
Consideration must be given to the general criticism 
of X-ray crystallographic studies, that one cannot 
guarantee that the observed geometry corresponds to the 
ground state. Thus the differences between V(mnt) 3 
and Mo (mnt) 57 Keone W(mnt) $7) may not be significant. 


The order for the dianionic species is then: 
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corrected 2- 2- 
octahedral ~ Fe (mnt) 5 < Zr (bdt) 5 < 
Limit 


v (mnt) 2” 

S : 

oe Es trigonal 
Mo (mnt) , prismatic 

2_ Came 
W(mnt) , 


The corresponding order for the isoelectronic series, 
as described in this thesis is: 
corrected 


ehtenearsee< zx (bat) 3 << Nb(bdt), << Mo(bdt) 
limit 


trigonal 
= prismatic 
LImE tc 
Chapter IX presents a general rationalization for 
these trends. 

A perspective view of the dianion and the tetra- 
methylammonium cations is shown in Fig. 18. As 
expected the cations are close to tetrahedral, with 
the small distortions present being due to packing 
effects. The average N-C distance (1.474 A) agrees 
quite well with that predicted (1.47 A) assuming 


aWSyS) 


single bonded covalent radii. This value is also 


in good agreement with previous structural determina- 
tions in which the tetramethylammonium cation was 
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CHAPTER IX: TRIGONAL PRISMATIC vs. OCTAHEDRAL 


COORDINATION IN TRIS (1,2-DITHIOLATO) COMPLEXES 


The isoelectronic series of tris (1,2-dithiolato) 
complexes, described in the latter part of this thesis, 
show dramatic changes in the coordination polyhedron. 
These changes, from an almost perfect trigonal prism 
in the neutral molybdenum complex, to a very slightly 
distorted trigonal prism in the niobium complex anion, 
to a distorted octahedron in the zirconium complex 
dianion, are accompanied by smooth increases in metal- 
sulfur distances, sulfur-carbon distances, and inter- 
ligand sulfur-sulfur distances (see Table 48). These 
changes correspond to the increasing importance of 
the dtthaolate- formulation for the ligand, that is, 
es hee The increase in interligand sulfur-sulfur 
distances would lead to a reduction in direct sulfur- 
sulfur bonding, which has been postulated as a factor 


belated Airakal 0 In this chapter 


in stabilizing the prism. 
the structural trends are correlated with molecular 
orbital energy level diagrams. 

Two energy level schemes have been presented to 
account for the stability of the prism in certain 
tris (1,2-dithiolato) complexes. One of these schemes, 


due to Schrauzer and eee? (which will be referred 


to as scheme 1) is presented for an unspecified first 
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transition series element. The important levels of 
this scheme are shown in Fig. 22. The alternative 


phd (which will be referred 


scheme, due to Gray et. al 
to as scheme 2), is shown in Fig. 23. The differences 
between the two schemes arise, in part, from the 
relative positions of the metal and ligand orbitals. ~~ 
Both schemes agree on the importance of the interaction 
of the metal ore, 2 and any orbitals with appropriate 
combinations of ligand tm orbitals (symmetry by £or 

an isolated ligand) to give bonding 4e' and anti- 
bonding 5e' levels. Scheme 2, however, proposes an 
additional significant interaction between the metal 
d.2 orbital and ligand non-bonding sigma orbitals, 
giving one bonding (2a,) and one antibonding (3a)) 
level. Scheme 1 has also been challenged on the basis 


32,4575 Ae tee 


of electron spin resonance studies, 
be shown to be inconsistent with the electronic spectra 
am Enis: series er compounds. Spectiically at predicts 
an increase in the frequency that would correspond to 
the transitions 3a, > oe" and 3a, o 2a, when comparing 
the niobium complex with the molybdenum complex, which 
is the opposite of the experimental results (Table 18). 
Scheme 2 correctly predicts the experimental obser- 


Lo: 


vations, as Gray et. al attribute the transitions 


W 0 9 
as due to 2an(t,), 3e (m,) = 3a; (d,2)- 
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Since scheme 2 seems more consistent with the 
experimental results, it is favoured over scheme l, 
and therefore will be used in all subsequent discussions. 
in this M.O. description (Fig. 23), the levels 2a5y 
Je sand oe COnSstSt Mainly OL sul cur, sp* hybrid 
orbitals (1) at Ley. to tie: 0 Orbitcals. pont ng—d 
the metal. The 2a, orbital is non-bonding and the 
3a, is principally metal in character, having symmetry 
do2- The 4e" “and p6¢ are botm metal Ne Maa and 
ligand (37) in character and both are strongly de- 
Localized over ahe métall andidagands. Stability of 
the prism was postulated, by Gray et. al. as due to 
interaction of the sulfur 7) orbitals with the metal 
d.2 orbital producing the stable bonding orbital 2a‘, 
which is always filled; also the interaction of the 
metal hoe and dy orbitals with the 37, ligand 
orbitals produces the stable 4e' orbitals which 
are also filled in these complexes. 

In order to use the M.O. scheme by Gray et. al. 
it must be shown that it will apply to the series of 
interest in this thesis. Considering the ligand and 
metal orbitals separately, it can first be shown that 
the energy levels of the molybdenum 4d and rhenium 5d 

L7G 


orbitals are similar. Therefore use of the molyb- 


denum atom instead of rhenium in scheme 2 is justified. 
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The energy levels of the ligands S.,C.4H. and S.C,;H 


Dives 2-674 
can be compared using the calculations of Birss and 
Das Gtera 2 The 7 orbitals for these ligands, the 


calculated orbital energies and geometries are presen- 
ted in Pigs. 24° 25 and 26., teach ligand tis shownsin 
the reduced form (corresponding to the dithiolato 
limit) and in the neutral orjioxidized form (2 1a 
electrons less). The ™ orbitals of particular interest 


are the 2b, for S and@ oh @7or 6 Con Comparing 


pee 1 oben 
the oxidized forms of the ligands, the energies of 


the 2b, (SC H,) and 3b (SoC. H,) levels are -16.4 e.v. 


u 
and —15.S)eCiv. respectively. 1 A comparison of the 
reduced forms of the ligands shows the energies are 
=-10.2 e.v. gnd -10.0 e.v. for the same levels. The 
probable error in these energy levels is of the order 
of0.3 euyv.¢ ‘Thus it-as .clearjithat the molecular 
orbital scheme vroposed for Re (S,C5H,) 3 should closely 
approximate that used for Mo (S5C¢H,) 3, because of 
the near equality of both metal and ligand orbital 
energies. 

As postulated by Gray et. ee the stability 
of fhe prismyus due, an part, to the interaction of 
the ligand 3m, and metal nena and hy Orbitals, 


producing the 4e' orbital. The series, Mo (bdt) 3, 


Nb (bdt) 3 and 2x (bat) 5, permits examination of this 
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24: REPRESENTATIONS OF THE MOLECULAR ORBITALS 


AND ENERGY LEVELS FOR SoC H, AND S5CoH5 
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A. CALCULATED BOND LENGTHS 


SoCgHg (87 ELECTRONS) | SoC gHg (10m ELECTRONS) 
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FIG. 26: PREDICTED BOND LENGTHS AND 1 BOND 
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postulate, since in this isoelectronic series no 
change in the geometry of the coordination polyhedra 
can be attributed to the occupation of the antibonding 


141,170 


orbitals, as has been postulated for the de- 


Stabilization GL the prisms in ena and w(mnt) 4". 


3 

The 4e' level should be extremely sensitive to 
the metal d orbital energies due to the near-equivalence 
in energy of the d orbitals and the 4e' level. The 
2a} level will also be affected but not as much, due 
to the greater energy separation of it from the metal 
d orbitals. As the d orbital energies increase, the 
4e' level should be destabilized and should become 
more ligand (37) in.character. This increase ,in ithe 
ligand character of the 4e' level should be paralleled 
by a structural tence. corresponding to an increase 
in the contribution of the reduced form structure. 
The molecular orbital description of the ligands 
is used in preference to the oversimplified valence 
bond descriptions, that .is,,the dithiolato and di-— 
thioketonic structures, .shown,in Fig. 11, since the 
discussion concerns energy levels and not just geometric 
changes. 

The ligand undergoes extensive geometric changes 
upon the reduction: 
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Seer (8 n electrons) + 2e >+ shout, (10 7 electrons) 
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as “is™shown ai fig. 26% “In principle, both ssultur- 
carbon and carbon-carbon distances could be used in 
assessing the relative importance of the reduced and 
oxidized structures ina particular case. In practice, 
the high uncertainty in the carbon-carbon bond lengths 
(due to naturally higher standard deviations and large 
effects due to thermai motion) makes them unsuitable 
for a semi-quantitative discussion and the more re- 
liable sulfur-carbon distances provide the only useful 
guide. Sulfur-carbon bond lengths for the tris 
(benzene-1,2-dithiolato) complexes, described in this 
thesis, and the theoretical geometries of the oxidized 
and reduced formulations can be ordered as follows: 


SoCeH, , (Llo4e 7A) =< Mo (bdt) 3, CL 2 Ae 


= ° J ° tee 
Nb (bdt) 5, (1.744 A) < Zr (bdt) , Pave. A) S5C.H, , 
° 
Cb. yas yt. This series indicates that the ligand 


tends toward the reduced geometry as the energy of the 
d orbital increases. 
In assessing the ligand and metal orbital charac- 
ter of the 4e' level, it should be noted that appropriate 
° 
extremes do not correspond to (S.C) gH) 5] and 


6- P ; 
[S¢C, gH, 5] (equivalent to three ligands in the 
oxidized and reduced forms), since the ligand 3m, 


2 


level (see Fig. 23). This 2a, level is non-bonding, 


orbitals give rise to the 2a4 level as well as the 4e' 
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entirely located on the ligand and is always occupied 
by two electrons. Hence the discussion of the 4e' 
levels must utilize limiting geometries defined by 


is clei lag and ISTO ae shea that is, allowang for 


the 2a, occupancy. 


Fig. 27> shows the plots of *S-Crebond Length vs: 


S-C t bond order for the ethylene and benzene dithiol 


ligands, as calculated by Birss and Das cui 


a Irae 2= 
The limiting extremes, SCH, and SCH, pp aso 


2- : 
SCH, and SoC cH, , are shown on the respective plots. 


For the ligand system Spi tepetit the ms bond order 


and bond length can be calculated assuming one con- 


: : 2- : : 
tribution of SCH, for two Contributions of SCH, 


This yields;ja S-C st bond order of 0.50 anda 

° 
corresponding S-C bond length of 1.69 A. If the 4e' 
levels are completely ligand in character, the ligand 


3m, orbitals would contain 6 electrons and would be 


- 6- 
described as S61 gH12 - The S-C tm bond order and 


° 
S-C bond length for this extreme are 0.17 and 1.76 A 


; ae 2- 
respectively. These two limits, S Ci gh and 


B2¢, gly then correspond to the extremes that the 
4e' orbital is completely metal and completely ligand 
in character, respectively. 


° 
In Mo (bdt) 3 the average S-C bond length (1.727 A) 


corresponds to a 7 bond order of 0.32 and thus lies 
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(A) Ethylene Dithiol Ligands 
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FIG. 27: S-C BOND LENGTH vs. 1a BOND ORDER FOR ETHYLENE 


AND BENZENE DITHIOL LIGANDS 
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approximately midway between the Sie ec“ ratio 
extremes. The 4e' level therefore has approximately 
equal contributions from the metal and ligand orbitals. 
In Nb(bdt) the S-C bond length of 1.744 A and m 

bond order of 0.24 corresponds to three quarters of 


the electron density of 4e' being on the ligand and 


only one quarter of the electron density being on the 


2 
3 


indicates that the ligand has reached the limiting 


° 
metal. The S-C bond length of 1.765 A in “2r(bdac) 


reduced formulation. It is to be noted, however, that 
there is a tendency in the zirconium coordination 
toward the trigonal prism, indicating possibly that 
the 4e' level still has a small amount of metal 
contribution. It is also possible that the tendency 
toward the prism is favoured by the overlap of the 
ligand T) and metal do? orbitals, which may still be 
operative. 

In Chapter V it was mentioned that any comparison 
in bond lengths between ethylene and benzene dithiol 
ligands should be made with extreme care. This can 
now be demonstrated with the aid of the calculations by 
Birss and Das enees. 8° SHOWN ii ti. 246. tn CHE 
ethylene dithiol ligands, employing similar arguments 
as used for the benzene dithiol ligands, the S-C 


bond lengths and 1 bond orders can be calculated for 
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Nae = 
the SCH and SOE extremes. These bond lengths 
° = 
and t bond orders are 1.66 A and 0.64 for Saati 
and lel) Avands0. by for SeGnH ge. Thus although 
° 
Mo (S,C,H,) , has .S-C distances. (av. 1.70 A) which. are 


shorter thanJin Mo (bdt) a .CoMparrsonm won Fig. yz 7 


37 
shows that in the two complexes the 4e' level has a 
Similar make-up. It is therefore apparent that for 
different ligands, even in similar bonding situations, 
differences in bond lengths are to be expected. 


The series of complexes, Mo (bdt) Nb (bdt) , and 


3° 
ax (bat) 5 therefore shows the importance of the inter- 
action of the metal chee and aay with the ligand 
T Oonbptals in stabilizing the trigonal prism,» Tn 
addition, the prism stability in this series is maxi- 


mized in Mo (bdt) where the 4e' orbital contains 


Bf 


approximately equal contributions from metal and ligand 


and thus the electrons are completely delocalized over 


the metal-ligand framework. In the 1,1-dithiolato 


poe ee the ligands do not have orbitals of 


the proper symmetry and energy to overlap with the 


2 and teh Orcbitals (of ~the mean, Therefore 


opeey 
this paelocalpzation 1s not possible and ali 1,1- 
dithiolato complexes have distorted octahedral co- 
ordinations. 


Interligand sulfur-sulfur bonding has also been 
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presented as a reason for prism Stee oe ee 
and the trends observed in the benzene dithiol series 
can also be explained by assuming that a breakdown 
in S-S bonding occurs, progressing from the molybdenum 
complex through to the zirconium complex. As the 
d energies increase, sc also do the metal radii. 
Therefore, as the metal radii increase from Mo to Nb 
to Zr, the interligand S-S distances increase and 
the slight distortion observed in Nb (bat) 5 can be 
explained as a partial breakdown in this S-S bonding. 
At Zr (bdt) 5 presumably the sulfur atoms have been 
forced far enough apart to result in a distorted 
octahedral coordination, due to an almost complete 
breakdown in S-S bonding. A Significant argument, 
however, against sulfur-sulfur bonding as a major 


stabilizing force in the prism can be seen ina 
eye 


In the niobium complex the interligand sulfur-sulfur 


comparison of Mo (mnt) $7 and W (mnt) 5 with Nb (bdt) 


distances are greater than those in the molybdenum or 
the tungsten dianions (see Table 48), yet the niobium 
complex is trigonal prismatic, whereas the dianions 
are distorted octahedrons. 

The major argument for sulfur-sulfur bonding has 
been the short sulfur-sulfur contacts observed in the 


prisms, aS compared with the predicted van der Waals 
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° 
contacts 2 (3.70 A). However these contacts probably 


arise as a consequence of other factors which stabilize 
the prism, and are probably not themselves the reason 
for this geometry. It is believed that the forces 
between the sulfur atoms are repulsive in nature 


tS, soy LeU 


rather than attractive, as proposed. This 


can offer a possible explanation for the geometry ob- 
served’ > in V(S,C5Ph,) 3, which is distorted slightly 
from the’ prism by a “trigonal twist of 8.5°, “If, as 
suspected, the prism dimensions in the rhenium and 


oe have reached their minimum, 


molybdenum complexes 
due to increasing S-S repulsions, then in the vanadium 
complex the smaller size of the metal could result in 
poor overlap of the metal and ligand orbitals (possibly 
ligand T) with metal d.2)- It is then possible that 

in order to attain the maximum stability, the prism 
distorts slightly by the observed trigonal twist. In 
this respect a complete structural determination of 
Cr(S,C5Ph,), is desirable, since X-ray power photo- 


gc Pad abe, 


graphs indicated it is isomorphous with 


2) 3: However, Since the chromium radius is 
33 


smaller than that of vanadium, ~ if the above arguments 


V(S5C5Ph 


apply, the coordination of the chromium complex should 
be more distorted from the prism than the vanadium 


complex. 
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Any proposed sulfur-sulfur bonding can occur by 
two mechanisms: overlap of the sulfur p orbitals 
perpendicular to the ligand plane (T, oro Cals); of 
overlap of the non-bonding sulfur lone pair (m, orbitals). 
It is not believed, however, that either mechanism 
has. a Siognifweant feGfiecthiin Stabilizing the prism, 
Since both types of overlap are possible in the 1,1- 
dithiolato systems, yet these systems invariably 
have geometries which are close to the "corrected" 
octahedral limit. 

In conclusion, the importance of the 4e' molecular 
orbital in stabilizing the trigonal prism is evidenced 
31 Nb(bdt)3 and 2r(bdt)$". The 


increasing energies of the metal d orbitals, progressing 


in the series: Mo(bdt) 


from the molybdenum to the zirconium complex, de- 

stabilizes the’ 4e' devel, which an: turnsresults in 
destabilization of the prism. Interligand sulfur- 
sulfur bonding is not believed to be a significant 


factors ingstabilazingsthe: prism. 
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W. H.Zachariasen, Acta Crystallogr., 16, 1139 
Chote as 


R. F. Stewart, E. R. Davidson, and W. T. Simpson, 
6 Seo 4 ge PE Fg ae: es Be oy he Le 8 


Mo(VI) form factors were obtained directly from 
the tables but Mo(iV) were estimated from those 
given, tom Mo (ll) “and Mol(Vijy: Dy "F. Cromer and 


de TewWaber, Acta. Crystallogr., 18, 104 (1965). 


TEL + ro6e  RL)ORE. BS 44000,Sprte GOS,ES ;(000,08) 000 
(iver See 84 . .etoA ,eqon .H* 


rr -2OMA roe oe ) bae tay Lupe =. 
routines ‘ad ‘ 
~tayummos eteving ,ateaAsT mrad hued Fite ead 


> mere cae 
ei? zwolt ai VEL .3te1 moi? bontsido mutt2eqe. edt 
fort hb enesaed efZ gonta xelamoo “r) 


{iiw sxjooga ows, add z9vewoH 
Uhlan A mi bevreado ail a6 Lsotsaebi gitar 
:(004lde OO0.65 4 (008 ,ES)OV8,2eL (00S) de 008.8 
;(OOE ide OO@.S1) sefsbd)w bas £( 00% yatith 


vitstousmmen Sasta 
“Lib silvp overed Biwea exotsmcxdoonom 9 

bas alesayso "Suek: ylisebi” moxt et ryt 

[nebi most sq tueted eham od bineodes conswolls 

eeitiuaitiih leistaedoq ed4 G2 oud ya pair 
soslios oo aldaxsletq baveifed saw 2f 
noljslbss betes LES 


te borigem ait yd eile #4 em noexnase® oat 


NoRdeost .A .2 iran bas dotlizebauW ,aoedoost 
IDA ,amemsgid .4 wMotivebouW .A .G 
(taes) 2.0L aepoligcuys9 


yd |57) a mete e19w snoltvetto> calsoniaxa 
I;neenixedass to eee 


s(zatetpa + EIN OT = 2. 1st 


zoretpae desel std ok boekxev a. B&B al "5 sisiw 
t6fupns edd Yo Jovones aeled (05)8 .tnementios 
Sol2csext0es soiseniexe ofa 20 noltsitev 


RELL OL, pwpolltadeyed adok yneeabasdont fh 
; , wh 


noagnle t .W hes jen rie. ce —— Pd 
+ * 2 


mort yffoo1th Bbenistdo exew er0s08}, a203 (a) ott 


“hee Sages Fd" Gone one (hon Seka et 
zpollssayx9 s30A ,19deW 


eae) BOL af ae 


7 
; 
- 
7 


it 
152. 
153. 


154. 


L554 
Lo Gr 
LS ls 
pense 
L5o% 


160. 


i OL 5 


UNS Ar 


220 


Ls Pauling ®The> Chemical ’Bond,"-Cornell University 
Presspeltnmaca, N.Y., 1967, p. 152. 


€. Gs Prverponteand Re Eisenberg -"OFoChems "Soc. «{A), 
2285 (L972). 


BY EVeHoOSskins and*B.cPs’Kelley)}cChem. ‘Commun, 
1527. (2968). 


AS UDomMeni Cano fOAS :- Vaciagoy «Loe zanbonerlhi .Pa-L. 
Loaderprandely Ms. Venanzi, “Chem: Commune’? 476 
(1966). 


RR, Hs Summer; PheDy Thesis, University 4of Alberta, 
LOG eae, 41, 


CPerurtanw, AVCAs GerTomnteison? Ps «Porta, and 
AeeocgameLLOCrg, evs ens COCs tn) eo eo (Lor 0). 


Re otsenberd = erogleoce Inelierd | Chem. «la, ec2ao 
(1920)% s 


ReeWeeG, *Wyekore, = Crystal /Structures’; Vol. 6, 
Dabo, .SeCOnds Cd. .pe ul. 


RSW. Gr PWYCKOTE,, “Crystal Structures,” Vol. 6, 
Dal tt ease Conv es, (Di eve 2 16. 


POCW. WBirss “and NZ K.+sDas Gupta, private communi- 
cation. The method used in calculating the 
molecular orbital functions and energies takes 
into account only the electrons of the system. 
Although it has much in common with a variety of 
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APPENDIX 1: MOLECULAR DISORDER IN TETRACARBONYL 
RHENIUM BIS (y-DIPHENYLSILICON) 


RHENIUM TETRACARBONYL, [Rey (CO) , [Si (C,H,) leat le 


2 
The @eaystal and moleci*tar structtre: of 


Re, (CO) g [Si (C-H.) 5], was solved by X-ray diffraction 
techniques by Bennett and Hasse The compound 
crystallizes in the monoelinica space. group C2/m 
with two discrete molecules per unit cell, thus 
imposing site symmetry 2/m on the molecule. The unit 
Gell dimensions are: @ =@IS.07@i3) A, b =m06549 (1) A, 
e = 12.0294 35 Noe Lig’ .5/ (6) >) Sagzing gin observed 
dénsity 1298 (2)kg one, which agrees well with the 
calculated value of 2.03 g eee. A three dimensional 
representation of the molecule is shown in Fig. 28. 
The molecule bears a strong resemblance to the related 
hydrides Re, (CO) -H, [Si (C,H.) 51, and 

] 


Re, (CO) JH, [Si (Cc, Naving an almost identical 


os Sly 
Re,Si, framework. As in the hydrides, two mutually 
trans carbonyl groups on each rhenium atom are perpen- 


dicular to the Re Si, plane.» The other Carbonyl 


2 
groups are approximately trans to the Re-Si bonds. 
The crystals contain discrete and disordered 
molecules, the disorder involving the phenyl groups 
attached to each silicon atom. One phenyl ring 


is located approximately in the crystallographic 


mirror and the other lies approximately perpendicular 
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FIG. 28: A PERSPECTIVE VIEW OF Re, (CO) . PS gis) 2! 
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to it. Final refinement of this disordered model 
yielded R} = 0.036 and R, = 0205/7 for 1153 indepen- 
dent reflections refining 52 parameters in the least 
squares refinement. 

The final anisotropic thermal parameters NO ee 
for Re and Si are shown in Table 50, and the final 
positional parameters and the isotropic B's are 
shown in Table 51. Bond lengths and angles along 
with their standard deviations are shown in Table 
52. In the representation of the molecule (Fig. 

28) only one pair of disordered phenyl groups are 
shown for clarity. In addition the ring ‘carbon 
atoms are given artificially low thermal parameters, 
also for Charity of “the “drawing. 

The anomalously large values of U5 for both 
Re and Si were initially interpreted as due to 
residual absorption effects or other possible 
systematic errors in the data. However the structural 
determingticne > of the isomorphous Mn, (CO) [Si (CeH.) 5], 
shed new light on this problem. The manganese 
compound crystallizes in the space group A2/m with 
$211 finenotonas aera ise 2) nares 108480 (2) 8A 
¢ = 13.744(2) A and 8 = 117.367(6)°. (This is identical 


to C2/m with the a and e axes interchanged). Here 


again the phenyl rings are disordered in the same 
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Table 5)> icons) 


Atom x y Zz B 
C25 Ona 715 (22) O0:5'5.3.( 125) 05350929) 6.9 (4) 
C26 0236261020) 0.20500 (14) OF 32 LS he dy) 4.6 (3) 


*Equivalent isotropic temperature factor corresponding 


to the anisotropic thermal parameters shown in Table 50. 


TABLE 52: SELECTED BOND LENGTHS AND ANGLES 


(A) BOND LENGTHS (A) 


Re—-Re SS aOLt 1) Re-Si 2.58045)) 
Re=Cr 19> (ay) he-G2 dey as) 
Si=-Cli Led2di) Sieco. 1.92015) 
Cll. y Ere es 2) C202 Jesel eilt le) 


(B) ANGLES (DEGREES) 


Re-Si-Re'~ TDSC) Si-Re-si' TO 77K) 
Gl=ne-cl. 178.4 (4) C2-Re-C2' 95.6 (4) 
Clare? 88.0 (3) Cl=Re-Si 95.1(2) 
C2 Resi Te ere) Cit-s1=c 1 105.0(4) 
Cll-si-ke reas) @€li-Si-Re 117.6 (4) 
Rem"cr=cr MiTo2 to) Re-C2-62 176.0(7) 


“primed atoms are related by either the mirror plane or 


the two-fold axis, whichever is applicable. 
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way as the rhenium analogue. In addition the aniso- 
tropic thermal parameters for the metals and the 
Silicon atoms are Similar in the two compounds. It 
therefore seems unlikely that the anomalous thermal 
parameters in both compounds are due to systematic 
errors in the data. 

It was believed possible that the disorder, 
observed in the phenyl groups, where the data permit 
resolution of the disorder, could reflect a disorder 
of the whole molecule. A proper assessment of this 
possible disorder becomes important then, in order to 
obtain unambiguous bond lengths and angles. 

The high anisotropy in the heavy atom vibrational 
ellipsoids observed in both the rhenium and manganese 
compounds provided the clue to the mode of disorder. 
Since the major axes of the thermal ellipsoids in 
both compounds were much larger than the other axes, 
it was believed that the disorder involved slight 
displacements of the molecule along the cerystalio-— 
Grapnic pb axis, as shown "in Fig. 29. “The vibrational 
ellipsoids are certainly large enough to contain two 
distinct rhenium and silicon populations, separated 
from their disorder averaged positions by approxi- 
mately 0.15 A. 


Thus the completely disordered model was refined 
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to test whether it gave any better fit to the experi- 
mental data than the model involving an ordered 


Re Si, cluster. In the least squares refinement 


Ps 
the parameters for the rhenium and silicon atoms 

were refined without restriction, other than that 
imposed by symmetry. However all the parameters 

for the carbon and oxygen atoms of the carbonyl groups 
were not refined due to correlations between the x 
and z coordinates of the two disordered molecules. 
Thus for one of the disordered forms all coordinates 


were refined while for the other molecule only the 


y coordinate was refined. After a cycle of refinement 
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the x and z coordinates of the second molecule were 

set equal to those of its disorder-related mate and 

a further cycle was repeated with the same restrictions 
on the parameters. This was repeated until further 

fd teracion, Precguced Mo siguiticant sShitts. 

The final model had all atoms located at 
approximately 0.3 A from their disorder-related 
partners. Thus the data were of good enough quality 
to differentiate the two disordered molecules although 
only (0.2.3 A apart. The validity of the completely 
disordered model was verified by a Hamilton's R 
Tesh.” at the 0.005 significance level, showing that 
the disordered model was significantly better than 
the ordered model. In the final least squares cycle 
Rj) = 0.035 and R, = 0.056 for 68 refined parameters. 
The anisotropic thermal parameters are shown in Table 
53. The final positional parameters for all atoms 
in the completely disordered model are shown in 
Table 54 along with the isotropic B's of all atoms. 

Electron density difference maps were also 
calculated for each model and were again found to be 
better for the completely disordered model with less 
residual electron density in its map. The highest 
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peaks on each map were 1.39e A ant iw Le A for 


the ordered and disordered models respectively, this 
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TABLE 54: POSITIONAL PARAMETERS AND 


TSOTROPIC B’S FOR DISORDERED MODEL 


Atom x" y Z B 

Re ae 0.1578 (4) 0.0 2.18* 
Re' .0 0.1266 (3) 0.0 2.24% 
Si 733 7302 ) 02017811) 0.1678 (3) BES 
onl (0743441) 0.1594(19) -0.1030 (13) 32.2.4) 
Cie 50743 071303420) -0.1030 S25) 5) 
2 oy G05) Ose rr (20) O27 056701.) 29(5) 
ee soo 7 0.2486 (20) 0.1056 3.05) 
Ol P16.) (lib) 0.1697 (16) -0.1672 (11) 5.0(4) 
ena mG 0.1349 (16) -0.1672 Soi (4) 
O02 - 1674 (13) Oe 2450K1 7) 0.1639 (13) 4.0(4) 
O2: L674 0.3308 (25) 0.1639 8.7 (6) 
Cun 1423 (8) 0.0146 (13) O28295 16) Spee) 
Cr 27268 (1.0) 0.1254 (10) 053017110) chee Ges 
Cip pLS01 0) 0.122410) 0.4990 (10) 4.9(4) 
C14 - 1488 (8) 0.0086 (13) 0.5641 (6) 5242) 
Cr5 216A3 (10)5 850. 1022 (10) 0.5119(10) Sees) 
CLG .1610(10) -0.0992(10) 0.3946 (10) AIS) 
GZY . 2861 (26) Oe 0167.01.29 022009 (33) B25(2) 
G22 £3175 (22) =0.0094(15) 0.1092(19) Bote) 
C23 -4259(29) -0.0036(14) O,1a82 (21) 4.6 (2) 
C24 5029 (16) O70283 (12) 07258933) 426 (3) 


232 


(BELL 
(2) 28.8 
(epe.s 
(2) BLE 
(ho. 
(ap Ls? 
(AIO. 
(apt. 
(site 
(cj) f.% 
(pee 
(s7e.2 
(Q)€.2 
(£)T 6 
(8) 2,€ 
(spect 
(s) 3.6 


(jab 


0.0 

0.0 

(£) etaL.0 
(€£) 0f£0L.0- 
OEOL.0- 
(Pt) a20L.0 
azon.0 
(£1) St 8L.0- 
cvar.o- 

(EL) ef0L.0 
etar.o 

(ay eese.d 
(OL) TL8E,.0 
(orp oes. 
(3) Lbaé.6 
(Of) 4L2.0 
(OL) BREE .0 
(cep e00s,0 


8) seor 0 


(e) prae.0 | 


(ey aacr.o 
(£2) 8510.0 
(ef) beet. 
(OS) EDEL.O 
(QS) ETTS.0 
(ok) aBas.0 
(at resr.0 
(25) eper.o 
(TL)O@aE .0 
(@8) 20E£ .0 
(EL) 3bL0.0 
(OE) BASEL .0 
(o1) esr .0 
(€1) 2800.0 


(Of) SS01.0- 
(OL) See .0- 


($4) 7810.0 


(21) 200 0+. 
(b1) GE00.0~ 


(S)S8EL.0 | 
(11)e8T0.00 
€T0,0 
(OL}TEOL.O » 
Feor.0 
(orjears.o 
eatr.o 
(EL) bvaL.o 
ptar.0 
(B)eSPL.0 
(OL) BaSL.0 
(OL) LOEL.0 
(8) B8bL.0 
(OL) EROL.O 
(GL) OLat.o * a 
(aS) 1888.0 - £85 
(ssve0se.0 88 
(eS) Ces .0) - 


? 
ees 
: (en) -~ ; ap 
- Ty 7 
’ 


% 


Table ood scons) 


Atom x 4 z B 
See 0.4715¢22) 0.0544 (15) 03505 (19) 6.5 (4) 
C26 0:865) (29) 0.0486 (14) Ore 2i5420) 4.4(3) 


* 
Equivalent isotropic temperature factors corresponding 


to the anisotropic thermal parameters shown in Table 53. 


“Where standard deviations are not given, the parameters 


were not refined. 
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density being located in the vicinity of the rhenium 
atoms in each map. 

Thus although it seems that the data are best 
fitted using the disordered model, the initial ordered 
model (involving only disordered phenyl groups) is 
believed to provide a good description of the average 
geometry, and therefore bond lengths and angles ob- 
tained from this model are suitable. This is due to 
the mode of disorder which involves only a small trans- 
lation of the whole molecule collinear with the Re-Re 
bond. The thermal parameters in this model cannot, 
however, be given any chemical significance since 


they (especially the U.,'s) reflect the disorder 


22 


present. That the ordered model provides a good 
description of the average geometry of the molecule 
is also seen from the bond lengths and angles, which 


are all reasonable and in good agreement with the re- 


d 65 
lated molecules, Re, (CO) gHSi(C,H.) 5, 
) 


Re, (CO) ,H, [Si (C,H. a) 5 and Rey (CO) H, [Si (C,H,)51].,- 
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APPENDIX 2% 


PROGRAMMES USED IN CRYSTAL 


STRUCTURE SOLUTION, REFINEMENT AND ANALYSIS 


AUTHOR 


P. Shoemaker 


J. Bennett 


Elder and 
A. Simpson 
Zalkin 

Cc. Hamilton 


Coppens 


Tie prewite 


S. Woods 
Ge Pippy and 
R. Ahmed 


Busing and 
A. Levy 


PROGRAMME 


MIXG2 


PMMO 


MGEOM * 


NRC=22 2 


ORFFE 
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DESCRIPTION 


Calculates Picker diffrac- 
tometer settings from unit 
cell dimensions and cell 


type< 


Transforms raw data to 
mmtensities; applying Lp 
corrections. 


Refines cell parameters 
for all space groups. 


Fourier summation for 
Patterson or Fourier maps. 


Absorption corrections for 
Picker data. 


Absorptioncand Extinction 
corrections. 


Structure Tractor calcula— 
tion and least squares 
refinement of parameters. 
Modified by B. M. Foxman 
and M. J. Bennett for 
rigid body routine, and 
by W. L. Hutcheon and 

M. 0. Bennett for the 
hindered rotor. 


Calculates bond lengths, 
angles and best planes. 


Calculates least squares 
planes. 


Calculates bond lengths, 
angles, and associated 
standard deviations; mod- 
beled by B. Penfold for 

I, Bovis GOs ands Wa i, Brooks 
and M. Elder for hindered 
rotors and rigid bodies. 
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AUTHOR PROGRAMME DESCRIPTION 


C. Johnson ORTEP Writes Plot Command for 
Calcomp plotter, tor 
plotting three dimensional 
molecular representa- 
tions. ) Calculates bond 
lengths and principal 
axes of anisotropic thermal 


motion. 
M. J. Bennett MMMR Calculates starting para- 
and B. M. Foxman meters for rigid bodies 


and hindered rotors. 

M. Cowie PUBE SOrts data according to 
any desired sequence of 
Ly ok peel 

Rea Cr elder PUBTAB Prints Structure Factor 
Amplitude Tables; modified 
by M. Cowie to work in 
conjunction with, PUBE. 


G. J. B. Williams z Converts continuous paper 
FRAME tape output from automatic 


OLELrAaACcecomerer, in ASCLI 
code to "framed" output 
Gl Caras: 1m) EBCDEC coding; 
suitable for PMMO input. 


“This programme was used for the two rhenium hydrides. 

Ponis programme was used for the three tris dithiolene 
complexes. 

“This programme was used only for [Ph,As] [Nb (bdt) 3]. In 
the other two structures collected by automatic dif- 
fractometer, magnetic tape output was used. This 
was translated from ASCII by a subroutine added to PMMO 


by myself. 
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